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SUMMARY
The work reported in this thesis is principally concerned with the 
experimental and theoretical behaviour of polypropylene- and high 
modulus polyethylene-reinforced cements in tension and in flexure. 
Polypropylene-reinforced cement has a proposed application as a thin 
sheet cladding material and developments in associated thin sheet 
fibre-reinforced cement technologies are discussed. Existing theories 
to account for the tensile and flexural behaviour of fibre-reinforced 
cements are reviewed.
A comprehensive theoretical treatment is presented for the complete 
behaviour in loading-unloading-reloading in direct tension of a cement 
composite, reinforced by continuous, aligned fibres. The treatment is 
modified to account for the measured non-linear stress-strain behaviour 
exhibited by polyolefin fibres. A satisfactory comparison is drawn 
between theoretical and experimental results for residual strains, 
reloading moduli and' energy absorption during an unloading/reloading 
cycle.
It is. argued that an existing approach for the prediction of the flexural 
load-deflection relationship of a fibre cement composite is inappropriate 
and an alternative 'crack development' approach is presented, which yields 
a more realistic comparison with experimental data from flexural tests on 
polyolefin-reinforced cement composites. The behaviour of specimens under 
cyclic flexural loading and in reversed flexure through zero is discussed.
The theoretical developments are expected to be generally applicable to a 
range of fibre-reinforced brittle matrix composites.
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CHAPTER 1
INTRODUCTION
Cementitious materials in the form of mortars or concretes are 
attractive for use as constructional materials since they are cheap, 
durable and have adequate compressive strength and stiffness for 
structural use. Additionally in the fresh state they are readily 
moulded such that complex shapes may be fabricated. Their 
deficiencies lie in their brittle characteristics - poor tensile 
and impact strength-and in their susceptibility to moisture movements. 
Reinforcement by fibres can offer a convenient, practical and economic 
method of overcoming these deficiencies, particularly in applications 
where conventional reinforcement by steel bars, carefully positioned 
to obtain maximum benefit from the reinforcement, is unsuitable.
The reinforcement of thin cement-based sections is an important 
example of such an application. The thin section (commonly between 
3 and 20 mm in thickness) demands that the constituents of the matrix 
are fine-grained particles so that the inert filler or aggregate in 
the cement paste is less than 5 mm in size and usually much smaller 
than this. The resulting composite is generally termed a fibre- 
reinforced cement (or fibre cement) although strictly a fibre- 
reinforced: mortar is a more appropriate term. Two-dimensional 
reinforcement is achieved either by an essentially random orientation 
of short fibres in the plane of the sheet, or by two sets of continuous, 
aligned fibres positioned orthogonally in the sheet.
The major application of fibre-reinforced cements in thin sections has 
been as a cladding and roofing material in building construction, either 
in flat sheet form or moulded into some shape (e.g. into corrugations)
2to give an increased load-carrying capqciiy and increased stiffnass 
by virtue of the shape. The most successful commercial example of a 
fibre-reinforced cement sheet material Cor indeed of any fibres 
reinforced material1 is asbestos-cement, invented at the end of the 
19th. century and extensively used since then as a cladding material.
In the U.K., the principal use of asbestos-cement sheeting has been 
in corrugated form for cladding agricultural and industrial buildings. 
It was only in 1970 with the first production of glass-reinforced 
cement Cg.r.c.l for a commercial application that a potential cement- 
based rival to asbestos-cement emerged, but the higher cost of glass 
fibres compared with ashestos fibres’ meant that asbestos-cement 
remained dominant in the mass-produced fibre cement market. However, 
the 1970's saw an increasing concern with the health hazards associated 
with asbestos fibres and, as a consequence, increased activity in the 
development of thin sheet cement materials reinforced with alternative 
fibres comparable in cost with asbestos, such as cellulose and 
polypropylene.
The concept of utilizing reinforcement consisting of many layers of 
fibrillated polypropylene film opened up to form networks,which 
continuously span the length and width of the thin sheet of cement 
matrix,originated, with. Hannant and Zonsveld at the University of Surrey 
in the mid 1970's.. The material, commonly called NETCEM, has been in 
the process of commercial development as an alternative to asbestos- 
cement since then, in parallel with an extensive research programme 
into the behaviour and properties of polypropylene-reinforced cement, 
of which the work reported in this thesis has formed part. The 
programme has encompassed an assessment of a novel, high modulus 
polyethylene film as a reinforcing fibre, which shows great potential 
but which is not, as yet, produced in the bulk volume required by the 
cement sheet market.
3An important property of polypropylene-reinforced cement is that it 
exhibits a quasi-ductile behaviour which results in a high resistance 
to impact loads. Strains to failure of the composite can be in excess 
of 5% Ccompared to about 0.03% for the cement matrix alone). By 
comparison, ashestos-cement and glassy-reinforced cement (particularly 
after a period of ageing in moist conditionsl are brittle, despite 
some enhancement, due to the inclusion of fibres, of the impact strength 
and strain to failure of a plaincement matrix. The deformation of 
asbestos and glass-reinforced cement is not a design criterion since, 
generally, failure occurs before the deformation reaches a critical 
value. By contrast, however, the maximum load-carrying capacity of 
polypropylene-reinforced cement in fle'xure, for example, may be reached 
at a deflection which is, for practical purposes, unacceptable. 
Furthermore, since the failure strain of the matrix remains low after 
the inclusion of fibres Cdespite some increase above that of the 
unreinforced matrix], the material will be traversed by a series of 
cracks in the tensile zone, which may render it unserviceable. It is 
probable, therefore,•that in common with specifications for asbestos- 
cement and glass-reinforced cement, the loads for which polypropylene- 
reinforced cement sheeting is designed will induce stresses and strains 
in the composite material below the theoretical values (by some 
appropriate roarginl required to,cause cracking of the matrix. This 
would Imply that deflections will also he acceptable under normal 
design loads.
Nonetheless, there exists the possibility of transient overloads - 
perhaps during handling and erection - causing matrix cracking, or of 
cracking induced by restrained thermal or moisture movements, or of 
the eventual, accepted use of the material in the cracked state (as is 
accepted with reinforced concrete). It follows that the load-deformation
4behaviour of a composite with a previous loading/strain history 
sufficient to crack the matrix is of considerable practical importance.
It was decided, therefore, to. investigate the behaviour of poly­
propylene and polyethylene-reinforced cements under a load-unload- 
reload regime of loading, rather than under the more common monotonic 
load application usually studied. Three aspects were of particular 
interest:
(i) the magnitude of any residual deformations after unloading.
The limitation of residual deformation may be a material design
criterion as it is in the specification for extruded rigid PVC
(1.1)corrugated sheeting and as recognised in a general British
(1 2)Standard , BS 5427, applicable to profiled sheeting in 
building;
(ii) the change in stiffness of the material caused by the 
presence of cracks due to the previous loading history;
(iii) the energy absorbed in the unload-reload cycle.
The experimental work on polypropylene and high modulus polyethylene-
reinforced cements (together referred to as polyolefin-reinforced
cement) in cyclic tension was complemented by a comprehensive analysis
of the theoretical behaviour of a cement composite in loading-unloading-
reloading in direct tension. The theoretical work is developed from the
established explanation of the direct tensile stress-strain curve of a
(1.3)cement composite proposed by Ayeston, Cooper and Kelly in 1971 ' and
as such is applicable to any cement composite reinforced by aligned, 
continuous fibres,for which a frictional stress transfer between fibre 
and matrix is a reasonable assumption. The theory may be adapted, 
however, to explain the behaviour of some cement composites reinforced
5by short randomly orientated fibres (e.g. g.r.c.). Modifications to 
the basic theoretical work to account for the type of inelastic behaviour 
displayed by polyolefin fibres are Introduced.
It was intended to extend the theoretical work to include an analysis 
of cyclic loading in flexure, but it became apparent that the simple 
load-deflection behaviour (with monotonically increasing load) in 
flexure of a polyolefin-reinforced cement composite could not be 
explained accurately by an approach which had been generally accepted 
previously for fibre cements. The theoretical work on flexure, 
therefore, concentrated upon obtaining a better understanding of the 
flexural mechanics involved as composite specimens deformed in bending.
The experimental work in flexure included an investigation of the 
behaviour of specimens subject not only to a load-unload cycle, but 
also to a reversed loading through zero. In practice this may be the 
type of loading imposed on a cladding element by the pressure/suction 
action of wind forces.
It is hoped that the work reported in this thesis has contributed both 
to the eventual, successful introduction of a new material into the 
construction industry and to the theoretical and experimental knowledge 
of the behaviour of fibre-reinforced cements.
6THIN SHEET FIBRE CEMENTS - ASBESTOS-CEMENT AND THE ALTERNATIVES
2.1. INTRODUCTION •
It is ironic that the considerable efforts of the last twenty years 
in research and development to produce new fibre cements in thin 
sections could reap their richest rewards, not in advancing the 
materials into new areas of use, but in replacing the most successful 
fibre cement ever, asbestos-cement. Following widespread concern about 
the dangers to health of asbestos, the asbestos-cement industry appears 
to be in irreversible decline.
This chapter attempts to chart the rise and fall of the asbestos-cement 
industry and, by way of comparison, outlines the stages reached by three 
leading alternative materials - glass, polypropylene and cellulose- 
reinforced cements - i n  the challenge of ’picking up’ the asbestos-cement 
market, which has been considerable. In 1974, for example, approximately
8.5 million .tonnes of asbestos-cement were produced in the ’free’ world.^ 
Data from the USSR, Eastern bloc countries and China are unreliable, but 
production is probably of the same order.
The chapter concludes with a comparison of material properties.
2.2. THE DEVELOPMENT OF ASBESTOS-CEMENT
Evidence for the use of asbestos for strengthening clay pots over 4000 
years ago has been found in Finland. The name asbestos, from the Greek 
meaning inextinguishable, unquenchable, was first applied by Pliny, 
presumably in 'Naturalis Historia’, to an incombustible fibre, which 
he believed to be vegetable, but which was really the Amiantus (a form
CHAPTER 2
of asbestos) of the Greeks . Asbestos has become the more
popular term. The mineral was not mined or used in large quantities
(2 3)until deposits in Canada were made available in 1878
The first patents for asbestos-cement products in the early 1880’s
used oxychloride cements: " 2 0 0 parts of freshly calcined zinc oxide
are kneaded with 1 0 0 parts of asbestos and water to a thick slurry
and compressed onto an iron wire mesh. The slab thus produced is,
after drying, impregnated with zinc chloride and rolled again. After
further drying it is washed in a water bath. In order to make it
more waterproof it may be soaked in a water glass solution. Finally
(2.4)it is soaked in skim milk and painted with rubber varnish."
The acknowledged inventor of asbestos-cement, Ludwig Hatschek, used
oxychloridecement in his first sheets, which were subsequently
impregnated with bitumen. His first patent was, in fact, for asbestos-
(2.5)reinforced asphalt for waterproof roofing and insul ating boards.
It was in 1899 that Hatschek, after experimenting with board-making in 
an old cardboard factory near Vocklabruck, Austria, hit upon the idea 
of combining asbestos fibres with Portland cement and running the
materials as a slurry over the normal rotating-sieve type of cardboard
C20} (2 7)machinery ' * . The invention was patented in 1900 ° and the
process of manufacture, known after his name or as the wet process,
became the principal process used in asbestos-cement sheet manufacture.
It is apparent from an extensive survey published of asbestos-cement
(2 8)development and production * that the search for alternatives to 
Hatschek’s asbestos-cement began immediately in order to circumvent 
his patents. However, imitations of process or composition (including 
alternative fibres) remained comparatively unimportant. Within ten 
years of Hatschek’s wet process patent, there were 14 German patent
(2.2)
8applications for similar fibre cement sheeting manufacture,and, in 
all, for the period 1880-1940, over 250 patent applications were 
made in the search for developments and improvements in fibre-cement 
sheet and pipe production processes.
In the wet process, an asbestos-cement sheet is built up to the
desired thickness by a lamination process involving successive
applications of a thin wet layer of asbestos and cement particles.
The sheet is moulded while still pliable into the required shape.
The process of forming the layers tends to give the fibres a 2-D
orientation in the plane of the layers. It is important to note
that asbestos fibres have a further key function Cin addition to
reinforcing) during processing in controlling slurry drainage to
ensure that the water content is reduced without segregation of the
cement. Any alternative fibre considered by asbestos-cement
manufacturers must serve the same function if Hatschek machinery
is to continue in use. Indeed the absorptive capacity of asbestos
for cement was formerly central to the definition of a fibre 
("2 0)cement ' ' : "Fibre cement is an artificial stone made of fibres and
binder and, if required, cement-fine additions, in the preparation 
of which sufficient fibres are used to ensure their uniform dis­
tribution in the artificial stone as a result of their absorptive 
capacity for cement-fine materials."
The later semi-dry or Magnani process uses a plastic paste mix rather 
than a slurry and has the advantage, in corrugated sheet manufacture, 
that it can provide a greater thickness of material at the peaks and 
troughs of the corrugations. A good summary of the process of 
manufacture is provided in reference 2.9.
9asbestos-cement. Asbestos is the name given to a number of mineral
silicates and is now a commercial term applied to fibrous varieties
of several minerals differing widely in composition, strength,
flexibility and usefulness. The most important variety and the
most abundant is chrysotile, 3 rigO.2SiO2 .2H2 O or white asbestos,
used principally for asbestos-cement manufacture. The grading of
chrysotile fibres used in asbestos-cement is such that all fibres
(2.3)pass a 5 " sieve ' . Crocidolite fibres, commonly known as blue
asbestos, are used in their shorter fibre form in asbestos-cement 
pipe manufacture.. The proportion by weight of asbestos fibres is 
normally within the range of 9 to 12 percent for flat or corrugated 
sheet, 11 to 14 percent for pressure pipes and 20-30 percent for 
fire-resistant boards.
The growth in the use of asbestos-cement sheeting in the U.K. from 
1938 can be seen in Figure 2 . 1 . 2 . 1 1 )  production of flat 
and corrugated sheeting accounts for over 80% of the U.K. usage of 
asbestos-cementj the remainder is used principally, in the production 
of pipes. About 90% of the sheeting produced is in corrugated form.
Up to the First World War, Britain mainly depended on imports of 
asbestos-cement goods from Belgium. Then the demand for a light 
roofing and cladding material, the economies necessary in the use of 
steel and timber, the availability of the bulk of the asbestos-cement 
in this country, the shortage of traditional materials during and 
after the war, and the expiry of the early licences all contrived to 
permit British firms to introduce the new material easily. Between 
the two world wars, the main use of asbestos-cement sheeting was 
established as an external cladding and roofing material in
corrugated form for industrial,commercial and agricultural buildings.
Over 70% of the world production of asbestos fibre goes into
(2 B)
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Kempe's Engineers Year Book for 1923' includes references to
asbestos-cement roofing tiles, with constituents of "Portland cement
with asbestos, the latter being employed in its fiberized form, known
as mineral flax, serving the purpose of an aggregate, thereby
increasing the initial strength, of the cement tenfold." A tensile
2strength of 5973 p.s.i. (.41 N/mm 1 is quoted. Another manufacturer
recognised his product more correctly as "a form of reinforced cement,
the mineral fibres fulfilling the function of reinforcement" and
confidently guaranteed slates of asbestos-cement against signs of
deterioration during a period of 20 years. Corrugated asbestos-cement
sheets were claimed to be especially suitable for covering the roofs
of factory buildings, railway and engineering sheds. Suggested purlin
spacing was up to 1.14 m. The first British Standard for the material
C2 13)was issued in 1936.
Uses as ancillary equipment for claddings and as pipes also developed
during the inter-war years, and the Second World War provided further
stimulus for asbestos-cement production as can be seen in Figure 2.1.
The recent decline in the U.K. figures is reflected elsewhere, for
example, in the U.S.A., where pre-1977, asbestos consumption and new
(2 14)construction value went up and down in unison. ‘ In 1977, however, 
asbestos consumption dropped as new construction value rose. A major 
contributing factor to the loss of market has been the increasing 
awareness of the health hazards associated with asbestos.
2.2.1. Health Hazards Associated With Asbestos-cement.
The following diseases have been shown to be related to exposure to
, . C2.15, 2.16, 2.17)asbestos:
Cal' Asheatosls:•a progressive lung fibrosis which, in general, 
only appears- after massive and prolonged exposure, although 
shorter exposures may result in contracting the disease;
11
(2.12)
(b) Bronchial carcinomas: an excess incidence of bronchial 
carcinomas has been established in relationship with asbestos 
exposure. Cigarette smoking is a highly contributive factor;
(c) Mesotheliomas: Cancer affecting the lining of the lung
and gut. The majority, but not all, mesotheliomas are related 
to past exposure to asbestos.
(2 3)Rosato * in his book on asbestos [published 1959) in three
paragraphs on health and safety factors refers only to asbestosis,
noting that "once protective measures are provided by manufacturing
plants, it is extremely rare that a person develops asbestosis."
However, an increasing number of litigants have pursued claims against
asbestos users. The dangers of exposure to asbestos were known at the
(2 18)end of the 19th century ' " Cnot, however, to Thomas Carlyle
somewhat earlier, who wrote in 1857: "Woe to him whose Edifice is not
(2.19)
built of the Asbest”), yet as late as 1982, claims have been made that
(2 .'the asbestos-cement industry is free of industrial-related diseases.
All asbestos-related diseases have in common the existence of a delay
or lag-period, usually of many years, between first exposure and the
onset of symptoms. There is general agreement that all three diseases
can be caused by all types of commercially available asbestos, although
for the asbestos cancers, evidence where it exists indicates that
crocidolite is more dangerous than chrysotile. For mesotheliomas, the
magnitude of the difference between crocidolite and chrysotile is 
C2 ]_5 2 IB)disputed, ' 1 ' although in the U.K., the relative distinction is
now largely unimportant since crocidolite is no longer used in
manufacture of asbestos products, as a result of stringent control
( 2 . 2 1 )limits introduced in the 19B9 Asbestos Regulations.
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The recommendation in 1978 of the Advisory Committee to the Health
C 2 16 3 *and Safety Commission ’ that the control limit for exposure to
dust from chrysotile asbestos should be reduced from a limit of 2
fibre/ml Cas a result of measurements taken during a four hour
sampling period) to 1 fibre/ml was accepted in August 1982.
Manufacturers of asbestos-cement products have maintained to the
Committee that the majority of operations have fibre concentrations
below 1 fibre/ml, although to achieve this universally could increase
prices 3-5%. It is practicable to achieve a 1 fibre/ml standard,
although it is more difficult to assess problems in implementing the
more stringent control in the use of asbestos-cement products, e.g.
machine-sawing without exhaust ventilation can give rise to 2 0
fibres/ml. Manufacturers have concluded that a more stringent control
limit than 1 fibre/ml in the use of asbestos-cement is not practicable
and would probably result in the abandonment of asbestos-cement
products for construction. A European Economic Community report, in
fact, recommends a limit of 0.5 fibres/ml for fibres other than 
(.2 17)crocidolite, ' ' although no agreement has been reached in the E.E.C. 
to legislate to this effect.
Increasing public pressure and reports of scientific evidence that
there is no threshold limit for asbestos below which disease will not 
C2 22)result, * coupled with the development of alternative materials, 
mean that the asbestos-cement industry, in North America and Western 
Europe, is in decline. In the U.S.A., zero annual growth rate in 
the demand for asbestos in the construction industry was estimated 
from 1977-2000 on the basis of a 20 year trend up to 1977. The ten 
year trend extrapolated from 1977 predicts about 50% of the 1977 
demand in the year 2000. Nonetheless, worldwide the demand for 
asbestos is likely to increase at the rate of about 4% per annum,
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so paradoxically, an additional problem for the asbestos industry 
is the depletion of asbestos reserves, which could well be in danger
by the year 2 0 0 0  if the 'find rate' of new sources does not increase.
2.3. THE DEVELOPMENT OF GLASS-REINFORCED CEMENT
Whilst there were patent applications for glass-reinforced cement
(2 B)(g.r.c.) in the late 1930's t * the first serious attempt at reinforcing
cements with glass fibres was made by Biryukovich et al in the U.S.S.R.
C2 23)in the 195CPs. * However, the glass fibres commercially available at
that time were severely corroded by the highly alkaline Ordinary
Portland cement matrix. Collaboration between the Building Research
Establishment and Pilkington Brothers Ltd. resulted in the development
(2.24)of alkali-resistant glass fibres marketed under the name of Cem-FIL.
Cem-FIL fibres contain an appreciable amount of zirconium oxide, ZrO^
(about 16% by weight), which endows the fibres with superior resistance 
in an alkaline environment.
G.R.C. has long been used as a material for simple and complex cladding
( 2  2 5 ; )
panels, pipes and permanent formwork. ‘ " Mass-produced g.r.c. boarding
Cknown as TAC board), has been manufactured on modified Hatschek machinery
although it has sold for 25% more than the equivalent asbestos-cement
product. The glass acts as the fibrous reinforcement and an inexpensive
alternative to asbestos (cellulose) acts as the fibre which controls the
[2.27)slurry drainage during processing. Smith recognises that the
replacement of mainstream asbestos-cement products by g.r.c. has not
yet become a reality, but he reports dramatic progress in the early
1980's whereby asbestos-cement replacement is now feasible, both
technically and at a realistic cost. This is claimed to be principally
(2 28)due to the development of a second generation Cem-FIL fibre, Cem-FIL 2,
14
( 2 , 1 4 )
permitting substantial reductions (to 3% by weight) of fibre 
content to achieve acceptable long-term properties for typical 
asbestos-cement products. Further benefit is derived from the 
synergy between Cem-FIL 2 fibres and modified matrix compositions, 
which results in a substantially improved durability performance 
over that achieved from pure Portland cement systems.
Ten year durability results on g.r.c. reinforced with the first
generation Cem-FIL fibres indicate that the material becomes brittle
C2 29)when used in wet or natural weather conditions, " and there must
(2.20)remain some doubt about claims of improved long-term performance
(e.g. in impact resistance) of g.r.c. over asbestos-cement.
Figure 2.2 shows the only data available in the literature on the
(2 30)worldwide production of g.r.c. * The assumed growth rate from 
1981 was stated to be a tentative 25% although this appears to be 
inconsistent with the trend indicated in the Figure. The 1979 
production figure of about 1 2 0 , 0 0 0  metric tons is about 1.5% of the 
production level (quoted earlier) of asbestos-cement in 1974 in 
the 'free’ world.
2.4. THE DEVELOPMENT OF POLYMER-FIBRE REINFORCED CEMENTS
Developments in the field of polymer fibre-reinforced cements have
(2 31)recently been reviewed by Hannant ‘ who considered carbon, kevlar, 
nylon, perlon, polyethylene and polypropylene fibres. Additionally, 
natural vegetable fibres and cellulose can be included in this field. 
Of all these, the fibres most likely to find widespread application, 
particularly in the search for alternatives to asbestos-cement, are 
polypropylene and cellulose.
15
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TONS X103
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FIGURE 2.2 Worldwide G.R.C. Production
17
2.4.1. ■Polypropylene-reinforced'Cement
Polypropylene fibres were first used commercially in concrete in
1970, in the form of short Cabout 50 mm) chopped lengths of twine
made from twisted fibrillated film. The material, known as
Caricrete, was developed by the Shell International Chemical Company
C2.32)and the' early work has. been described by Zonsveld ' . More than
50,000 tons per annum of Caricrete have been produced in the U.K. 
since 19.70, mostly in the form of shell piles and also for buoyancy 
'units to support jetties and walkways at yacht moorings. Fibre 
volumes included have been small, generally less than 1 %, and not 
significant in terms of the plastics industry as a whole. The use 
of polypropylene mono-filaments to improve the impact resistance of 
concrete had been suggested in earlier American publications (e.g. 
reference 2.331.
Although, the improved impact resistance of concrete or cement
reinforced with polypropylene fibres, became generally acknowledged,
there was, at the same time, a belief that no increase in flexural
C2 34)strength was attainable. Thomas ' attributed this to the Young's
modulus CE) of the reinforcement being less than that of the concrete
C2 35)and Monfore ” reported that nylon had little to recommend it for
conventional reinforcement for a similar reason. It was not realised,
apparently, that reinforcement is principally effective after the 
matrix has cracked when the modulus of elasticity is relevant to 
deformations and not to the reinforcing mechanism.
The commercial attractions of a chemically-resistant fibre such as
polypropylene were obvious - comparable in cost to asbestos and
with an existing production capacity likely to be adequate for massive
(2 36)use as a reinforcement. Krenchel in 1973 ' reported that the
composite would someday find considerably greater application, but 
while comparatively simple mixing methods resulted in considerable 
improvement in impact resistance, no worthwhile increase in tensile 
and bending strengths of the composite had yet been achieved. This 
was due partly to the difficulties of mixing sufficient volume of 
short fibres into the matrix and partly due to the short fibres 
easily pulling out of the matrix. The low stress transfer between 
polypropylene fibre and matrix is exacerbated by the fact that there 
is virtually no physico - chemical adhesion between polypropylene 
and cement paste.
A solution to the bonding problem was suggested by Hannant and
Zonsveld in the mid 1970’s in the utilisation of many layers of
fibrillated polypropylene film opened up-to form networks which
(2 37 2 38)continuously span the length and width of the sheet material * '
In this manner, sufficient fibre volumes (.5-15%) of polypropylene
could be incorporated in thin sheets to produce composite strengths
well in excess of matrix strengths, i.e. effective reinforcement.
Furthermore, the use of a fibrillated fibre provided a form of
mechanical bond between matrix and fibre sufficient to transfer stress
between them and produce fine multiple cracking. Failure of the
composite is due to fibre fracture rather than fibre pull-out. The
patent priority date for the concept was 1976, and development work
(2.39)has been led by two of the industrial licensees, DSM (Holland) 
and Montedison CItaly). New fully continuous production processes 
have been developed and test marketing should commence in 1983.
(2 40)Krenchel and Jensen * have attempted to overcome some of the 
problems raised by the use of short polypropylene fibres by adopting 
different types of special fibre surface treatments. These improve 
the wetting of the fibres with the cement paste and the dispersability
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matrix. New types of mixing equipment and new methods of dispersing
the fibres have been developed, after which the production itself
can be run on usual asbestos-cement machines. They report quite
convincing results, although corrections and improvements have
continued. Additionally a composite reinforced by a high fibre
volume [15-18%) of a flat weave of long polypropylene fibres has
been produced, although this is unlikely to be economic as a bulk
alternative^ to asbestos-cement. More recently, Naaman has reported
tests on a cement composite reinforced with short polypropylene
fibres, including a fibre type with spherical ends for increased
[2 41)mechanical anchorage.
2.4.2. Cellulose-reinforced Cement
Cellulose fibres have the advantage that they are cheap and the 
disadvantages that they are hygroscopic and their strength is 
reduced by the absorption of water. The dimensions of the fibre 
are not stable under varying moisture content and the fibres rot 
if kept moist for long periods. Nevertheless, there has been 
considerable development work on the use of cellulose fibres as 
alternatives to asbestos.
Pedersen has reviewed the efforts of asbestos-cement manufacturers
to produce a cellulose composite following the Swedish ban on
[2.42)asbestos-cement in 1976 . Apparently, cellulose substitution
for asbestos was carried out during the two world wars, and inspection 
of such products has shown that, under certain conditions with proper 
treatment, the cellulose fibres would withstand outdoor exposure over 
30-40 years. The production process post 1976 used existing Hatschek 
asbestos-cement machinery and the first interior boards were marketed 
in 1977. Sheets for exterior use were produced but not marketed pending
19
of the fibres and increase the bond of the fibres in the hardened
20
long-term full-scale tests, the results of which remain uncertain.
Cape Boards and Panels Ltd., part of a major asbestos-cement group,
have, from the early 1970's, developed a range of autoclaved
cellulose-reinforced calcium silicate boards containing between 2
and 1 0% by weight of fibre and manufactured using essentially
asbestos-cement machinery. Prior to development, a large number of
alternative fibres were examined with reference to dispersability
in water and film-forming ability, alkali resistance, temperature
resistance, reinforcement effectiveness, toughness contribution and 
[2 43]cost. ‘ The only fibres found to offer sensible levels of
reinforcement, in the context of the product targets and production
process used, were cellulose, carbon arid kevlar. Cellulose fibres
were clearly cheaper and were eventually used to produce a variety
of boards, including one type for external application which has
performed well in accelerated durability tests. An initial extra
cost for asbestos-free boards has now apparently been eliminated.
In 1983, the Cape Group launched an asbestos-free corrugated sheet,
in which the cement matrix was reinforced by an unnamed organic
(2 44)fibre - believed to be a form of cellulose. ‘ Standards for
asbestos-cement products are claimed to be matched, despite earlier
(2.20)doubts in the literature that this could be achieved.
2.5. COMPARISON BETWEEN ASBESTOS-CEMENT AND THE ALTERNATIVES
Table 2.1 compares typicai values of fibre properties and composite 
properties, together with estimated fibre costs, for asbestos-cement 
and the glass,polypropylene and cellulose-reinforced alternatives, 
for which claims to asbestos-cement replacement on a large scale in 
the U.K. have been published. Unless otherwise stated, the fibre 
and composite property data may be found in reference 2.45.
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Asbestos-cement is available in different grades for different 
applications, although in the U.K. nearly 90% of sheet production 
is in corrugated form, generally for external use. In Table 2 .1 , 
Tacboard and the cellulose-reinforced cement are in commercial 
production for flat sheet only, although the top quality cellulose 
board may be used externally. The Cem-FIL 2 and polypropylene
materials have proposed applications in corrugated form but have 
yet (June 1983) to reach the stage of commercial production. The 
potential of either material will not be realised until a large 
scale, high volume manufacturing process has been developed which 
can reproduce the material properties achieved at laboratory scale.
22
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CHAPTER 3
LITERATURE SURVEY OF THE BEHAVIOUR OF FIBRE 
REINFORCED CEMENTS IN TENSION AND FLEXURE
3.1. THEORETICAL TENSILE BEHAVIOUR ASSUMING FRICTIONAL STRESS 
TRANSFER
The theoretical principles most commonly used to describe the tensile
behaviour of 'brittle matrix fibre composites have been unified in the
work of Aveston, Kelly, Cooper, Mercer and Sillwood at the National
(3 !L 3 2  33)Physical Laboratory, ' ’ * the basis of which is commonly
referred to as ACK theory. The theory is reviewed in some detail 
since it is fundamental to further theoretical developments in this 
thesis.
The ACK theory is founded on the following assumptions:
ti) the fibres are aligned and continuous throughout the 
matrix Cor at least very long);
Cii) fibre and matrix can move relative to each other, i.e. 
the bond between fibres and matrix is purely frictional with a 
linear transfer of stress between matrix and fibre;
Ciiil the matrix has a unique breaking strength;
Civ), implicitly, matrix and fibre behave elastically.
The first assumption is essentially justified for the cement reinforced 
with fibrillated polyolefin networks under discussion, but is 
inappropriate to the majority of fibre cements in which the fibres are 
randomly aligned and short, such that composite failure is likely to 
occur by combinations of fibre pull-out and fibre fracture rather than
24
by- fibre fracture alone. Modification of the theory to account for 
random orientation and discontinuous fibres is discussed in a subsequent 
section.
Relative movement hetween fibre and matrix in practice is unlikely to 
involve overcoming simple frictional interface forces only. The stress 
transfer ©ill almost certainly be generated by a more complex interaction 
between matrix and fibre in which the non-uniformity of the fibre surface 
profile may be important. It may be that fibre and matrix remain bonded 
together in some fashion even after matrix cracking, in which case, the 
'bonded' ACK theory discussed subsequently is more appropriate.
It is well-established that assumption Ciiil is unlikely to be true for 
a cement matrix, and that there will be variations in matrix breaking 
strength throughout the volume of the composite. Assumption Civ) is 
reasonable for the. matrix in tension and for some fibres, e.g. st-eel and 
glass, but polymer fibres, in particular, will deform inelastically, the 
implications of which, are considered in Chapter 5.
3.1.1. ' Tensile'Stress-Strain Curve
The theory yields an idealised tensile stress-strain curve as shown in 
Figure 3.1. The modulus of elasticity, E , of the initial linear region 
up to the point at which the matrix cracks is generally taken to be 
given by the rule of mixtures:
E = E .V + E„.V„. 3.1.c m m  f f
in which:
E = modulus of elasticity 
V = volume fraction
Suffices m, f refer to matrix, fibre respectively.
25
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e (1+a) mu - e„ - ae fu rnu
FIGURE 3.1 Idealised tensile stress-strain curve for a crack 
spacing of 2 x ’.
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It is evident from equation 3.1 that a fibre with a higher modulus
(E„) than the matrix (E ) will increase the composite modulus above f m
that of the matrix alone and consequently increase the stress at
which the matrix failure strain, e , is reached. For low E„ fibres,mu t
the reverse is true, although in practical cement composites, the 
difference in either case is unlikely to be of major significance.
If, when the matrix fails, the fibres (.with failure strength cr_pu 1 can 
withstand the additional load thrown onto them without breaking, i.e. 
if:
a_ .V„ ^ E e 3.2fu f c mu
then the composite can continue to sustain the load. The value of 
V.p given by the equality in 3.2 i.e. = Ec-Gmu/afU is termed the 
criticalfibre volume fraction i.;e. that volume fraction which, after 
matrix failure, will carry the load sustained by the composite 
immediately prior to matrix failure.
If the matrix was sustaining a stress, a at failure, the additionalmu
load (a .V ) thrown onto the fibres at a crack will be transferred mu m
back into the matrix by the action of an interfacial shear stress, t .
If the matrix has a unique cracking stress, then further matrix
failures will occur, outside the transfer lengths x * either side of
the first crack, until the matrix is eventually broken down into a
series of blocks of length between x‘* and 2x . Figure 3.2 shows a
polypropylene-reinforced cement specimen cracked in this fashion.
The transfer- length, x', is simply calculated from the load transfer
(a ,V ) and the shear stress, T. ■ Assuming N fibres of area A. and mu m +
perimeter P_p per unit area of composite, then:
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Figure 3.2 multiple crack formation
and since N = V„/ArT T
l Vm a ,A„ x = m mu f
V T P f 1 -f
For circular fibres of radius r, the case considered by Aveston
, . C3.1)et al,
x ' = °mu r 3.3.
Vf 2x
For fibrillated polypropylene films the cross-section of the fibres
( 3 4)approximates more closely to a thin rectangle, * for which =
, where b and t are the fibre breadth and thickness respectively.2 Cb+t)
In this case:
1 V o  b.t „ .x = m mu 3.4
V„ 2t Cb+t) f
C3.3) ‘ IAveston et al ' have used an average crack spacing of 1.364 x' ,
(.3 5)although more recently Kimber and Keer ‘ have proposed that an average 
spacing of 1.337 x'* might be mathematically more correct. This is close 
to the value of 4/3 x', simply derived from the average of the number of 
cracks associated with the minimum Cx1) and maximum (2 x') crack
C3 g ^
spacings.' ’ The variation in values has little effect upon the 
theoretical stress-strain curve for the average crack spacing and the 
value of 1.364 x* has been used in this thesis.
The strain distributions in fibre and matrix associated with one crack
are shown in Figure 3.3Ca). The maximum additional strain in the fibre
is at the crack and due to the load o .V thrown onto the fibre, i.e.mu m .
C f V  E V £ = o c .£Additional fibre strain at crack = mu m = m m mu mu
EfVf
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FIGURE 3.3 Strain distributions in fibre and matrix.
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If the composite breaks down into cracks at the maximum spacing of
2 x* (Figure 3.3(b)) then e Cl + a/2 ) represents the strain, £ ,mu r me
in the composite when multiple cracking is complete. Should cracks
develop at x* then the strain distributions of Figure 3.3Cc) result
and the strain at the end of multiple cracking is given by £m[j (1 + 3a /4),
Similarly, for cracks developing at the average crack spacing of 1.364 x'
CFigure 3.3Cd)) then the strain at the completion of multiple cracking
is £ Cl + 0 . 659«0 . mu
Once the matrix is broken down into blocks of length between x' and 2x1, 
then it is unable to sustain further load, so additional load results in 
further stress and, consequently, strain increase in the fibre alone, 
and the composite modulus is given by E^ \/^ . The composite fails when 
the fibres break, i.e. the composite failure stress, QC(J* is given by
a = a„ ,V_ 3.5cu fu f
The average additional strain in the composite is therefore oc emu/2.
3.1.2. Enhancement of Matrix Failure Strain
It is important to note that, for a particular matrix failure strain,
emu* the shape of the curve of Figure 3.1 is independent of the shear
stress T and, for a given fibre volume fraction, independent of fibre
(3.1)
shape, diameter, etc. However, Aveston et al have shown that, 
theoretically, the matrix failure strain may depend upon the interfacial 
shear stress T, and upon fibre size. They considered that a crack will 
form only when there is sufficient energy available to meet the 
requirements for crack formation and for the actions resulting from 
crack formation. Energy is available from work done by the applied 
stress as the composite extends upon cracking and from the strain energy 
released as the matrix relaxes either side of the crack. In addition to 
the fracture surface work needed to form a crack, energy is required
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to increase the strain energy of the fibres local to the crack (this 
is. associated with the matrix relaxation) and to overcome the frictional 
resistance as fibre and matrix move relative to each other. Strictly 
some work must be done to deband the fibre from the matrix if there is 
adhesion between the two, but this is zero if a purely frictional bond 
case is considered.
Such an energy balance yields the following expression for the enhanced
matrix failure strain, e :muc
where y is the surface work of fracture of the matrix.e is thus 
1 m muc
dependent on the shear stress T, and the fibre radius r. Argon and
C3 7)Shack * have derived the same result from a model in which the matrix 
is sandwiched as a layer hetween two symmetrically placed surface layers 
of fibre. Equation 3.6 implies that at V_p = 0, £m(JC ~ 0* although in 
reality, the tensile strain of the composite will level off at the 
tensile strain of the matrix alone.
(3 83Aveston and Kelly * have simply explained the dependence of £muc on T
and r in the following manner. The formation of a single crack results
in the extension, <5&, of the specimen (Figure 3.3(a)) due to the
additional strain borne by the fibre over the short transfer distance,
x*, either side of the crack. This transfer distance is decreased as
the shear stress t is increased, or as the radius of the fibres is
decreased (equation 3.3). As the product of the cracking stress
(Ec.£mu) and the displacement <5& sets an upper limit to the work
available from the loading system to form the crack, then if the surface
work of fracture y remains constant and is decreased (as a result of 'm
X increasing or r decreasing), there comes a point where the matrix
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failure strain # e , must increase above that of the unreinforced 9 mu
matrix if the required work of fracture is to be extracted from the 
system. Alternatively, referring to Figure 3.1, for a given fibre 
volume fraction, the additional strain AB as a result of multiple 
cracking is independent of the fibre size or shear stress, but the 
total number of cracks and hence the energy required to form them 
depends on the. fibre size or shear stress. For a smaller fibre size, 
for example, must increase to provide the energy to form an
increased number of cracks.
It has heen shown that enhancement of the matrix failure strain of
a reinforced matrix over the unreinforced case is possible with practical
(3 9)fibre-matrix systems, e.g. glass-reinforced cement ° . A typical
2polypropylene-reinforced cement is now considered, with E^ = 30 GN/m ,
2E^ , = 5 GN/m and V_p = 5%. It is useful to combine equations 3.3 and
3.6 by substituting V r  from equation 3.3 into equation 3.6, i.e:
P 2 . 6 Y E//, Q 7£ = 'm f f 3.7.muc -------
■x' E E c m
The value x* is. more easily measured for a polypropylene-reinforced
cement than either T or r. If e is to be increased above the failuremuc
strain of the unreinforced matrix, e , then, in the piactical composite,mu
an average crack spacing, xav  ^ must be achievable which is less than 
that given by:
® YmEfVf
x  =  Q   2  1  *  1 ’ 3 6 4  3 o 8
e E E mu c m
rp (* n in')
Taking £ = 0.03% and Y ~ 5J/m , ‘ ‘ then x = 0.13 mm so the measuredmu m
crack spacing would need to be less than 0.13 mm if enhancement of the 
matrix failure strain is possible according to equation 3.6. This is 
very difficult to achieve with a composite of the composition stated.
volume fraction for two polypropylene-reinforced cements with
(3 11)and E^ approximately as above ' * . The full line represents
equation 3.8. It can be seen that only at high fibre volume fractions 
will equation 3.8 predict an enhancement of the matrix failure strain.
C3 12)Nevertheless, Hughes and Hannant ’ have reported significant
increases in matrix cracking stress (hence strain since Ec reduces
with increasing Vp) with increasing fibre volume fractions above 4%.
A similar effect has been found with increasing fibre modulus. They
suggest that this may be related to the ability of cracks of small
C3 13)but finite width to sustain load ‘ . Increasing the stiffness or
volume of fibres may tie the crack faces closer together and increase 
the load carrying capacity of the composite.
C3.14 3 15)Recent theoretical work ' in which the mechanics of crack
growth are•considered has helped to explain increases in matrix 
failure strain which are not supported by ACK theory. An anomaly in 
ACK theory is that it predicts zero matrix failure strain at zero 
fibre volume. If a model is used in which the stabilizing effects of 
fibres, on matrix crack growth are considered, then .a continuous 
relationship may be derived which describes the effect of an increasing 
volume fraction of fibres on matrix failure strain (or unstable crack 
growth), and in which the unreinforced matrix is an end point. The 
’crack growth’ approaches calculate the rate of release of strain 
energy and the rate of absorption of energy (through sliding friction 
and the creation of new surfaces) with increasing length of a matrix 
crack. Unstable growth of the matrix crack will occur when the rate 
of release of strain energy with increasing crack length is greater
than the rate of energy absorption. The difference in the approaches
£3 j C 3 15}
of Korczynskyi et al ’ and Hannant et al * lies in the
assumptions made about the size of the relaxation zone around a crack 
or flaw in a reinforced matrix.
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Figure 3.4 shews experimental results of crack spacing v. fibre
Average 
crack 
spacing 
(mm) 8
10 r
Experimental data (3.11)
' Film type A
Film type B
\
\ \
"^Equation 3.8
o. -
Film volume V f %
FIGURE 3.4 Crack spacing V Film Volume.
A crack spacing less than the full line of equation 3.8 must be 
achievable for enhancement of matrix failure strain,according t 
reference 3.1.
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3.2. TENSILE BEHAVIOUR ASSUMING BONDED ELASTIC STRESS TRANSFER
3.2.1. Tensile Stress-Strain Curve
C3 2 )Aveston and Kelly ‘ have considered the case in which matrix and 
fibre remain bonded together after cracking. In this case, the 
increased stress in the fibre is assumed to decrease exponentially 
from the crack face (Figure 3.5). Clearly as there is a stress 
increase in the fibre over the entire length of the composite either 
side of a crack, then everywhere the matrix stress must be below the 
cracking stress at which the first crack formed and hence this single 
crack will result. A small increase in load will, however, result in 
further cracks. The bonded case, therefore, leads to a rising stress- 
strain curve in the region of multiple cracking, which could only 
occur in the unbonded theory if the matrix is not assumed to have a 
unique breaking strength.
Aveston and Kelly have shown the idealised stress-strain curves for
the bonded and unbonded cases to be very similar for Portland cement
reinforced by 1% of long steel fibres (.Figure 3.6(a)) and Laws et 
(3 16)al ' conclude that composite behaviour is sufficiently well 
described by analyses based on a linear transfer of stress across the 
interface. A comparison of the idealised stress-strain curves for the 
bonded and unbonded cases for a typical polypropylene-reinforced 
composite is shown in Figure 3.6(b). As for the unbonded case, the 
idealised stress-strain curve derived from 'bonded theory' is 
independent of fibre size once the matrix failure strain is established.
3.2.2. Enhancement of Matrix Failure Strain
The enhanced matrix cracking strain for the bonded case, is
related to that for unbonded case, e , by:muc
STRAIN
FIGURE 3.5 Bonded elastic stress transfer:
strain distributions in fibre and matrix.
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Strain (% )
(3 2 )(a) steel fibre reinforcement
(b) polypropylene fibre reinforcement (below)
FIGURE 3.6 Stress-strain curves assuming elastic bonded or 
frictional stress transfer.
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e , a imub , mu, \ „
  =  (— = - )  3 . 9 ,
£  3 xmuc
where t is the frictional shear stress as before.
For most practical composites, however, the shear strength of the 
fibre matrix interface, t , is unlikely to be sufficient to sustain 
the shear stress induced if elastic continuity is to be maintained, 
and debonding will occur. Aveston and Kelly have shown that for 
elastic continuity to be maintained:
E n x V
7 3.10.
c 4n vf i(i
in which n = T.u/amu and ¥ is a dimensionless parameter, accounting for
the spacing and radius of the fibres, which is a function of Vp. Their
plot of Vm/ 14 Vp ¥) against Vp is reproduced in Figure 3.7 for three
values of n. Laws has summarised values of t (or t In her terms) foru s
steel, polypropylene and glass fibres^3’17'1, although she does not give 
corresponding values "°f cr , but only steel-reinforced cement could have 
the ratio Tu/QmlJ > 1- Thus full elastic continuity is unlikely to be 
maintained for glass (E„/E - 2-3) or polypropylene (EYE < 1) reinforcedT C T C
cements, but may be preserved for a steel-reinforced cement at high volume 
fractions.
3.2.3. The Bonded/Unbonded Case
To be relevant to practical cement composites, the elastic fully bonded 
case can be extended to include the situation in which fibres and matrix
are debonded over a certain length, in which frictional shear stresses
i i . - m  i . , _ .  „  „  (3.2,3.16,3.18)may act, and thereafter remain elastically bonded (Figure 3.8).
zone frictional stress transfer
FIGURE 3.8 Bonded/unbonded stress transfer.
Approaches used have made various assumptions about the fibre arrangement 
and the boundary conditions whicfi occur on the idealised fibre/matrix 
element, none of which are likely to be true in practice. The problem 
arising from these approaches is that a derivation of the stress-strain 
curve in a manner similar to the debonded or fully bonded cases is 
complicated by its dependence on values of the shear strength at the 
interface and the frictional debonded shear stresses. These values have
fQ 17 *3 iq r>: o n ")
proved difficult to measure in practice. /y/eston and
(.3.21Kelly ' ° conclude, therefore, that for practical purposes, the simple 
theory should suffice to describe the behaviour of fibre-reinforced 
cement, unless the fibre-matrix bond strength in shear is, exceptionally, 
much greater than the matrix failure strength.
(3 21) (3.22)Kelly ' has shown that the early theory of Romualdi and Batson ,
which stimulated considerable interest in steel fibre reinforced concrete,
can be compared with the fully bonded elastic case. Romualdi and Batson
found that, theoretically, the tensile strength of concrete should be
significantly increased by the inclusion of closely spaced steel wires.
The supporting experimental work was based, however, on flexural testing.
[3 23)Subsequently a number of workers, led by Shah and Rangans ° found
either a slight or no improvement in cracking strengths in tests in
direct tension. Romualdi and Batson’s theory predicted equation 3.9,
from which it follows that if T was considerably less than a , thenmu
the matrix failure strain would be significantly increased over the un­
bonded case or the unreinforced matrix. However, although they commented 
on the large bond stresses between fibres and matrix, they did not 
apparently appreciate that the bond strength was unlikely to be 
sufficient to prevent debonding.
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Theoretically it is debatable whether multiple cracking should occur 
in a number of fibre cements (in which it is known to occur), because 
of the effect of Poisson contraction of the fibre creating loss of
contact between fibre and matrix. This was first pointed out by Kelly
C3 253 (3 26)and, subsequently, Kelly and Zweben, ' Pinchin " and Baggott and
(3 27)Gandhi ' * have approached the problem using different assumptions about
matrix relaxation behaviour at cracking. There is some disagreement
between them as to which fibre/matrix systems should, theoretically,
exhibit multiple cracking. They all agree that the high Poisson
contraction of polypropylene should preclude the occurrence of multiple
(3 4)cracking and suggest that the multiple cracking observed ‘ may be due 
to matrix shrinkage around the fibre, or of greater influence, the fact 
that the fibres are not smooth and parallel-sided. This, together with 
the presence of surface asperities, must be sufficient to develop 
frictional forces in the absence of uniform fibre matrix contact.
(312)Laws ’ has tentatively explained the increase in frictional forces 
opposing fibre slip found in pull-out tests of single polypropylene
ro pa i
fibres in cement * * as being due to the balling up of slivers stripped 
from fibres, which then jam and obstruct fibre movement, leading to a 
ploughing frictional force opposing movement.
The complex nature and role of the interface between polypropylene
fibres and a cement matrix has been the subject of a recent investigation 
(3 29)by Hughes, " whose work confirms the importance of non-uniform 
fibre thickness and surface asperities in stress transfer.
3.3. EFFICIENCY OF FIBRE REINFORCEMENT
3.3.1* Introduction
In many practical composites, fibres are not aligned in the direction 
of applied stress but are randomly distributed in 2 -D (if the discussion
(3.24)
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is limited to composites in sheet forrol. Furthermore, fibres, may not 
be continuous throughout the composite. Allowance for the effects of 
fibre orientation and fibre length on the theoretical properties of a 
composite is made by the introduction of efficiency factors.
Although the cement composite on which experimental work is reported 
contains essentially aligned, continuous fibres, the various efficiency 
factors proposed in the literature are briefly reviewed below for 
completeness. A more comprehensive survey is contained in reference 
3.30.
3.3.2. UncraCked;Composites
In general, equation 3.1 is modified such that the modulus of 
elasticity of the uncracked composite, E , is given by:
E = T] n E V + E V 3.11.c '1 '2 f f m m
where is an efficiency factor determined by fibre orientation whilst 
112 is determined by fibre length. Both are unity for continuous, aligned
fibres. For 2-D random fibres *1^  may be derived from fundamental work
f 3 31 ] (*3 32)by Cox ' as 1/3. Krenchel has given a value of 3/8, ’ the difference
arising from assumptions made in the theoretical models. Romualdi and
Handel's value of 0.41 is simply the ratio of projected fibre lengths in
one direction to the total fibre length.
(3.171Laws. ' * has derived expressions for a length efficiency factor prior 
to matrix cracking, which for practical cement composites, is unlikely 
to be less than 0.98. The build-up in stress in fibres to the low 
values implied by the low matrix cracking strains of cements can be 
achieved ever small proportions of practical fibre lengths.
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L a w s d e r i v e d  length factors for ultimate composite strength for 
two cases: (i) when failure of the static interfacial bond, T ,5
results in fibre pull-out with no frictional bond, x^, resistance;
(ii) when after failure of the static bond there is a sliding
frictional bond resistance, x^. The results for the former case are
essentially the same as those of Krenchel,^3‘32^while for the latter
(3 34)case, the same as those of Allen ’ when Xg = T q i.e.
L
for L < L a = U . p V 3.12« 1 c cu 1 2L fu fc
3.3.3. Cracked Composites
for L, L_ a ~ n (1 “ o r—) .V „  3.131 c cu 1 2 L1 fu f
where L^ is the fibre length and Lc the critical fibre length:(which
equals twice the embedment length necessary to cause fibre failure rather
(3 3)than fibre pull-out). Aveston et al have used similar length factors.
It does not seem logical to apply these length efficiency factors, as 
(3.34}Allen has done, ” to the uncracked composite modulus, for which Laws’ 
approach mentioned previously would appear to be the more correct method.
As an orientation factor for composite strength, Laws suggested the 1/3 
or 3/8 factor. For orientation and length effects in conjunction, 
however, the combined efficiency factor differs (by a maximum of 2 0 % for 
very short fibres) from that obtained from the two separate factors.
(3.34)Allen ’ has examined the case of random discontinuous round fibres 
in a 'thin laminate and has shown that an upper bound to composite 
strength, is given by = 5 in equation 3.12 or 3.13.
In Aveston and Kelly’s model of the behaviour of a random, long fibre
(3 2 )distribution across a crack, ' the fibres align themselves across the 
crack with the direction of applied loading, ie. perpendicular to the
crack face. The crack spacing was shown to be tt/2 times the aligned
case for a 2-D fibre arrangement. A composite strength equal to
(2 /tt) of the aligned case was suggested, although subsequently,
(3 3)AVeston et al * proposed that a value of 50% of the aligned strength
was more appropriate, with the post-cracking modulus a similar
proportion of the aligned case (i.e. Vp/2). Furthermore, they
suggest it is appropriate to apply the factor =? to V_p in equation 3.6
2/3for the enhanced cracking strain i.e. e (.random fibres) = (?)muc
= 0.63 £muc (aligned fibres) which is in line with the experimental
data available to them. It'would, therefore, seem reasonable to apply
a factor of 5 to Vp in the term in the expression for the strain at
(3 35)the end of multiple cracking. Argon et al ’ envisage the same 
aligning of fibres across a. 'crack but suggest that the efficiency of 
discontinuous, fibres after first cracking will be very nearly unity 
regardless of orientation.
Expressions for crack spacings for short, aligned and short, random
(3 3)2-D fibres can be developed. ' ’ Since fibre ends close to the crack 
face will be unable to transfer their full share of the load to the 
matrix, other fibres must transfer greater load over a greater than 
normal (i.e. if all fibres were long) transfer length. For short, 
aligned or random 2-D fibres, crack spacing will, therefore, be greater 
than the continuous case, although the results are close once the fibre 
length exceeds four times the crack spacing for the continuous fibre 
case.
(36)Spurrier and Luxmore ' ’ have considered the effects of discontinuous
fibres and random orientation on the shape of the idealised tensile
stress-strain curve (Figure 3.1). For a case of random discontinuous
fibres, the efficiency of stress transfer is taken to be reduced by a
(317)factor Tj, derived from Laws’ expressions * and the additional strain 
caused by mulbiple cracking is assumed to be reduced by the same factor, 
which is contradictory to the argument expressed above.
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3.4.1. The Relationship between Modulus of Rupture (MOR) and 
Ultimate Tensile Strength CUTS]
It has been common to test fibre-reinforced cements in flexure and to 
quote material strength in terms of a surface bending stress, or 
modulus of rupture (MOR). The calculation of the MOR assumes that 
the material at failure is behaving elastically with equal moduli of 
elasticity in tension and compression and with the neutral axis at 
mid-depth. Ideally the MOR will equal the direct tensile strength of 
the material (assuming a tensile-initiated failure), but usually this 
will not be the case. In a plain cement for example, it is generally
f Q  O R  1
acknowledged “ that the MOR from a bending test can be 50% greater than 
that from a direct tensile test, principally because the neutral axis 
moves towards the compression surface to accommodate inelastic tensile 
behaviour. In fibre-reinforced cements, the effect is more pronounced 
and can lead to misleading conclusions about direct tensile strength 
based on the results of flexural tests.
(3 32)Krenchel ' ‘ measured surface strains in bending tests on asbestos-:
cement and glass-reinforced cement coupons. For both materials, the
surface tensile strain at failure was almost twice the surface
fcompressive'strain, implying that the neutral axis at failure was
about one-third of the beam depth from the compressive surface.
(3 37)Allen ‘ found that the glass-reinforced cements used in his flexural 
tests failed on the tensile face when the neutral axis lay at about a 
fifth of the beam depth from the compression face. By carrying out 
direct tests in addition to flexural tests, he was able to show that 
apparent bending stresses Ci.e. MOR) bear no relation to the true 
stresses in a beam, and are in the region of twice the direct tensile 
strength of the material. Moreover, the bending test is very insensitive 
to the manner in which the material first cracks in tension, and it is
3.4. THEORETICAL FLEXURAL BEHAVIOUR
difficult to locate with precision the first cracking point in a 
bending test. Allen was able to predict, with reasonable accuracy, 
the bending performance of flexural specimens from experimentally 
obtained tensile stress-strain curves of the material.
(3.3)Similarly, Aveston et al * derived bending relationships.from the
theoretical tensile stress-strain curve of Figure 3.1 and an assumed
linear elastic compressive stress-strain relationship. The flexural
stress distribution used>to calculate the MUR is shown in Figure 3.9(a).
They were able to show that the MUR may be up to 2-3 times the ultimate
tensile strength CUTS). In Figure 3.9Cb), the MUR/UTS ratio may be
assessed if the composition and some properties of the composite are
known. It is important to note that whilst a simple elastic MOR
calculation can overestimate the tensile strength of a material, the
corresponding compressive stress calculated (equal in magnitude to the
MOR) will be less than that occurring in reality. Figure 3.9(b) assumes
that the compressive capacity of the material is sufficiently high to
ensure that failure occurs in the tensile zone. A limitation on the
compressive strain to failure will, theoretically, result in a reduced
MOR/UTS ratioi-for certain values of and e„ /e , where £_ is thefu mu fu
fibre failure strain in tension. For example, for a typical poly­
propylene-reinforced composite, reasonable material parameters might be:
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e = 0.03%, e„ = 12% i.e. £ /e = 400, « = 100.mu fu fu ■ mu
From Figure 3.90b) this implies an MOR/UTS ratio of about 2. However, 
the compressive strain at failure, e 2, Cby fibre fracture) calculated 
from'3’31:
e = 0 /(1 +cc)5 3.14
2 fu7
is about 1 .2 % which is likely to be well in excess of the compressive 
failure strain of the composite.
U
TS
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tension compression
(a) Flexural stress distribution used to calculate MOR (below)
(b) Ratio of the modulus of rupture to the tensile strength vs
a = E^V^/E^Vp for various values of efL/ emu> after Aveston et al
F IG U R E  3 .9
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Allen’s relationship between MOR and UTS is based upon a simplified
(3 38)bilinear tensile stress-strain curve, shown in Figure 3.10.
The MOR/UTS ratio can be obtained if the ultimate tensile and
compressive strains and the stress and strain at matrix cracking
are known. Account is taken therefore, of compressive failure and
interestingly, because of the simplified stress-strain relationship
assumed, the MOR/UTS’ratio is independent of ccO E V /E„V^)»^ m m f f
Krenchel 32'*earlier developed the basis for a similar MOR/UTS 
relationship using a different approach. He considered the cracked 
section at which the fibres act alone in the tensile zone and adopted 
a transformed cross-section in the same manner as reinforcement may 
be treated in the tensile zone of a reinforced concrete section.
(3 39 3 40)Laws et al ‘ ' * predicted bending relationships from differing
tensile stress-strain curves (Figure 3.11). By a reverse calculation 
procedure, direct tensile and compressive stress-strain curves could 
be predicted from the results of instrumented bending tests, and it 
was apparent that tensile testing under cross-head control, rather 
than by testing at a constant rate of strain, might not record a 
post-maximum load stress capacity which could have a significant 
effect on bending behaviour. This would be particularly true of 
composites failing by fibre pull-out.
3.4.2. Tensile Stress Block Assumptions
(3.41)A simplified rectangular tensile stress block proposed by Hannant
with the neutral axis at one-quarter of the beam depth from the
compressive face was developed to show clearly that fibre strengthening
of a composite in flexure need not be related to fibre strengthening
of a composite in direct tension, rather that the increased ductility granted
by fibres in direct tension is a critical factor. Flexural strengthening
will occur provided that the postrcracking strength in direct tension is
49
c^u
ex
20 - | 
15 •
1 0 .
8 - 
7 • 
6 - 
5 -
4  - 
3 -
2 -
1-J
Values of 7
- j  1 |  1— f - r - T  j  r « i t  1----------- 1-------'— 1— r~>—1— 1— i - r - |" |—
2 3 4 5 6 7 8 10 15 20 30 40 5060 100
tu
200 e *
Cb3 Determination of flexural strength parameter Y 
Y « MOR/UTS
FIGURE 3.10 MOR/UTS relationship after Allen^3 , 3 8 "1
St
re
ss
FIGURE 3.11 Apparent bending curves (broken lines)
predicted for assumed tensile, curves
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greater than 41% of the tensile strength at cracking (Figure 3.12).
The tensile shrface must, of course, be able to accommodate the 
strains implied by the necessary compression zone stresses/strains 
together with a neutral axis depth at quarter depth. A reduction in 
tensile strain capacity of a material can reduce the MOR even though 
the strength of the material is unchanged. What is not apparent from 
Hannant's simplif/'ed analysis is that, whilst the tensile stress-strain 
relationship of Figure 3.12 can yield a failure moment greater than 
that after first cracking, the moment just after first cracking can 
drop off. This is shown in Figure 3.13, derived from a computer 
flexural analysis which will be described in principle in Chapter 8 .
Various authors have proposed tensile stress distributions to be used
to predict the ultimate moments of beams which may fail due to fibre
(3.42)pull-out. Hughes and Fattuhi “ assumed a uniform stress block in
tension and after calculating this stress from test results, attempted
to relate it, through efficiency factors, to forces generated in the
(3 43)fibres. Babut and Brandt " in a similar approach accounted for the 
uncracked region in the tensile zone and related the stress in the 
cracked zone to fibre pull-out data.
(3 44)Swift and Smith " proposed a comprehensive model which could be 
applied to cement composites failing in compression or by fibre fracture 
as well as fibre pull-out. The complete model incorporated five zones 
exhibiting various types of stress-strain behaviour - elastic and plastic 
compressive, uncracked tensile, cracked tensile with fibres firmly 
embedded and with fibres pulling out - as shown in Figure 3.14. The 
model was used to identify possible modes of failure in flexure of 
steel, glass and polypropylene fibre-reinforced cement composites. 
Stress-strain relationships were considered to be averaged over an 
arbitrary region either side of a flexural crack and a form of moment? 
deformation relationship was developed for this region, which indicated
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tensile stress
compressive
stress
FIGURE 3.12 Stress block for flexural strengthening
.(3.41) after Hannant
FIGURE 3.13 Flexural relationship for a typical cement 
composite derived from simplified stress 
block of Figure 3.12.
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a fall in bending moment immediately after the formation of the crack, 
for steel, glass and polypropylene-reinforced composites. No attempt 
was made to use the model to derive the load-deflection response of a 
typical flexural specimen such that comparisons with experimental 
load-deflection data could be made.
The same authors have presented a model of the flexural behaviour of
a cement composite reinforced with low modulus Csisal) fibres in which
the tensile zone at failure is triangular and considered as fully
cracked with an effective modulus for aligned continuous fibres of
E^ V^, (Figure 3.15) / 3'^^The model, similar to that of Krenchel,
essentially considers the stress distribution at the cracked section
and the shape of the stress distribution of Figure 3.15 contrasts with
(3 3)that assumed by Aveston et al in Figure 3.9(a)i to assess the MOR. 
The arguments expressed subsequently in Chapter 0 support the tensile 
stress distribution of Figure 3.15 as being more appropriate for the 
determination of flexural strength of aligned,continuous fibre 
composites.
3.5. BEHAVIOUR UNDER LIMITED CYCLIC LOADING
The discussion here is limited to low cycle loading in which individual 
cycles can be examined, and does not encompass high cycle studies 
associated with fatigue testing.
3.5.1. Theoretical Principles of Cyclic Tensile Loading
The effect of unloading a cracked cement composite was considered by
Aveston et al in their general theory for the tensile behaviour of a
(3.1)brittle matrix composite. " The irrecoverable work done in forming 
new surfaces of a crack and in overcoming interfacial frictional 
shear stresses results in a hysteresis effect and a permanent set at 
zero load. The residual strain distribution in fibre and matrix
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FIGURE 3.14 Model for flexural strength after Swift and Smith .44)
FIGURE 3.15 Flexural strength model applicable to low modulus
[3 4 5 ]
fibre reinforced cement composite * ,
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between cracks in an unloaded composite can be visualised very neatly 
by the following unloading sequence suggested by Aveston et al.
Figure 3.16(a) shows the strain distribution in fibre and matrix in 
the loaded condition (for a crack spacing of 2x1). If, on unloading, 
relative slippage between matrix and fibre is prevented, then unloading 
is elastic (as the uncracked initial loading was) and the strain 
distribution of Figure 3.16(b) results. Stress transfer has taken 
place via an infinitely large frictional shear stress over an in­
finitesimal distance either side of the crack. If the shear stress is 
gradually reduced (Figure 3.16(b)) to the value by which load was 
transferred into the matrix in the loading sequence, then the strain 
distribution of Figure 3.16(c) results. The rates of stress build-up 
and decay are assumed to be equal. In this case the average residual
fibre strain is «£ /4. Values for modulus of elasticity on initialmu
reloading (in fact, equal to E^, the modulus of the uncracked composite) 
and just prior to completion of unloading were also given.
If the fibre-matrix bond remains intact, then on unloading from any
strain greater than that necessary to produce the first crack, the
(3.2)stress-strain curve will return to the origin. ’ The energy, absorbed 
in crack formation manifests itself by a hysteresis loop.
(3 10)The model developed by Allen * in which stress transfer between
matrix and fibre takes place in two regions, one of frictional stress
transfer after debonding has occurred, the other in which matrix and
(3 19)fibre remain bonded together, has been extended by Jolly ' to predict 
cyclic loading response. A number of difficulties were forthcoming:
Ci) the model assumes well-defined boundary conditions unlikely 
to occur in practical composites.
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STRAIN
(b3 unloaded state, slippage initially prevented. Dotted lines 
represent changing strain distributions as frictional shear 
stress is reduced to correct value.
(c) final strain distributions after unloading to zero load.
FIGURE 3.16 Strain distributions in fibre and matrix as unloading 
proceeds.
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(ii) experimental modelling of the theoretical boundary 
conditions by tests on single fibre composite units were 
not successful.
Ciii) theoretical curves were fitted to experimental curves 
by adjustment of parameters to values which could .not be justified 
independently. Some success was achieved for glass-reinforced 
cement specimens, but for steel wire-reinforced cement, it 
proved impossible to obtain a complete theoretical curve which 
corresponded to the experimental curve whilst the wire modulus, 
wire and matrix areas were maintained at measured values.
3.5.1. Experimental Work on Cement Composites under Cyclic Loading
Allen has reported cyclic loading tensile tests on glass-reinforced
. . .  . . C3.37, 3.38, 3.46, 3.47)cement and asbestos-cement specimens. Fibres
were, in general, randomly aligned. Specimens were 25 mm wide and
6 - 8 mm thick. Axial strains were measured by a special extensometer
at cross-head movements of 0.5-1.25 mm/minute.
Peak strains, residual strains and the slopes of the unloading curves
were recorded as shown in Figure 3.17. The envelope of the cyclic
stress/strain curves corresponded roughly to the simple stress/strain
curve. As the peak strains were increased, unloading slopes diminished
and the residual strains increased, although the effects were less
marked for asbestos-cement. Specimens reinforced with continuous 
(3 38 3glass fibres ' * behaved in a similar manner to the randomly aligned
glass fibre specimens, suggesting that the basic characteristics of
the stress-strain curves are the same, whether reinforcement is 
continuous and aligned or discontinuous and random.
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FIGURE 3.17 Diagrammatic illustration of cyclic tensile
. , _, ...(3,38)stress-strain curve after Allen „
Subsequently, results similar to Allen’s have been reported on cyclic
loading tests on a cement composite reinforced with short, randomly
(3 48)aligned fibres of Kevlar, an aromatic amide polymer. ‘ These 
results, together with those of Allen, are examined in more detail 
in Chapter 7.
(3.49)Sarkar and Bailey ’ tested a carbon-fibre reinforced cement composite
tin which the carbon tapes were aligned and continuous) under cyclic
loading,in both tension and flexure. Tensile specimens were nominally
30 mm x 6.4 mm in cross-section and tensile tests were conducted under
displacement control at 1.2 mm/minute. Specimens were loaded beyond
cracking and about four unloading/reloading cycles were carried out at
successively higher strains. No residual strain data are presented,
but unloading moduli in tension and flexure are reported, although it
is not stated what the corresponding values of peak strain were. There
is no indication or recognition that unloading moduli may depend upon
the peak strain, as defined by Allen in Figure 3.17. A good correlation
is reported between measured unloading moduli and the theoretical final
(3 1)modulus on unloading suggested by Aveston et al. ' However, it is not 
apparent at which position on the unloading curve the moduli have been 
measured.
Allen’s work on cyclic loading was included in a review of fibre cement
composite properties by Majumdar,^3'5D^who considered that the subject
matter was of great importance and that further work in this area was
urgently necessary. Some qualitative comparisons have been drawn
(3.1 3.51)between the theory of Aveston et al and experimental data ' ' 
but apart from the work of Jolly, in which the difficulties of 
predicting cyclic loading response of practical cement composites have 
been mentioned, there would appear to be no work which has involved an
59
60
examination of the parameters which determine residual deformations 
and unloading/reloading stiffnesses, or a rigorous comparison of 
actual cyclic loading behaviour of practical cement composites with 
a comprehensive theoretical basis.
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THE FIBRE CEMENT COMPOSITES UNDER STUDY
4.1. INTRODUCTION
The experimental work in this thesis has been carried out, principally, 
□n a cement matrix reinforced with continuous, fibrillated networks of 
polypropylene. This composite is currently being developed commercially 
as an alternative to asbestos-cement. Additionally, tests are reported 
on a cement composite reinforced with a relatively novel, high modulus 
polyethylene fibrillated film. This has some future potential as a 
commercial fibre cement if the fibre technology is developed to permit 
the bulk manufacture necessary for a high volume product.
The composite specimens were manufactured using, nominally, the same 
matrix mix constituents. This chapter describes the matrix and fibre 
components of the composites and reports tests carried out as part of 
the research programme to determine important properties of these 
components.
4.2. THE MATRIX
4.2.1. Matrix Composition
The composition of the matrix used is given in Table 4.1.
This matrix, which has been used for the majority of the studies on 
polypropylene-reinforced cement carried out at the University of Surrey, 
has been found to have the following desirable properties for composite 
preparation and performance:
CHAPTER 4
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TABLE 4.1. Matrix Mix Proportions By Weight
Material Ratio by weight
Cement 1.0
Water 0.34
Pulverised Fuel Ash (P.F.A.) 0.25
Silica Sand 
(300 pm - 150 pm) 0.19
*
Superplasticiser 
CSulphonated melamine formaldehyde 
resin - Melment L10 by Hoechst 
Chemicals)
0.017 - 0.023
TOTAL 1.803
*For some mixes, slight variations were made in the amount of super­
plasticiser added to obtain what was judged to be the correct 
fluidity of mix.
(i) high strength and density. The low water : cement ratio is 
achievable due to use of the superplasticiser;
(ii) lower shrinkage than pure cement paste, by inclusion of silica 
sand and P.F.A. as fillers. The shrinkage strain of the matrix has been 
measured as 2400 x 10 6 when air dried at 20°C for 100 d a y s ; ^ ”1"*
(iii) high fluidity such that it can be worked easily into the film 
networks;
(iv) retained fluidity over the time scale necessary for the manufacture 
of a sheet of composite in the laboratory.
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4.2.2. Matrix Properties in Tension
Matrix properties in tension were obtained in two ways:
Cil from test results in direct tension on th.e composite Cdiscussed 
in Chapter 7). The uncracked composite modulus of elasticity and the 
cracking stress and strain of the composite can be used to estimate 
tbe matrix modulus, cracking stress and failure strain. The following 
are reasonable average values:
2Matrix modulus of elasticity in tension = 34 GN/m
2Matrix cracking stress 'v io MN/m
Matrix failure strain = 300 x 10 6
Cii) from control tests in flexure on coupons of matrix made at the 
time of composite preparation. The matrix coupons (nominally 
15D x 50 x 6 mm thick) were tested in four point bending over a total 
span of 135 mm. The coupons had been left under polythene in the 
moulds for about 24 hours. Upon removal from the moulds, they were 
stored in water at 20°C until testing at 28 days. The test technique 
is described in more detail in Chapter 6 .
The average modulus of rupture of all coupons tested in this fashion 
2was 12.4 MN/m . The coefficient of variation of the means of
different batches was 13%. These results are in good agreement with
(4.1)other published values for the same mix proportions.
4.2.3. Matrix Properties in Compression
Whilst the matrix compressive strength is a useful comparative parameter, 
the principal reason for the test programme on the matrix in compression 
described below is to ascertain a compressive stress-strain relationship 
useful in the prediction of composite behaviour in flexure.
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The matrix with mix proportions as in Table 4.1 was mixed in a small 
laboratory mixer and poured into four steel moulds each of nominal 
size 50 x 50 x 150 mm. The mix was so fluid that only light vibration 
was necessary to remove any entrapped air. The specimens were stored 
overnight under polythene, then removed from the moulds the next day 
and stored under water at 20°C for 26-27 days prior to testing.
Twelve specimens were produced from three nominally identical mixes.
The testing was carried out using the apparatus of Figure 4.1. Load 
was applied by a Contest Instruments GD10 testing machine which had 
been modified to include a load cell. The output of the load cell 
was calibrated (before and after testing] against the laboratory 
Denison T60C testing machine. One platen of the GD10 test machine 
was attached to a spherical seating.
The deformation of the matrix prism was recorded over the central 50mm 
of prism height by four linear variable differential transformers 
(LVDTs), one per face of the specimen (Figure 4.2). After removal of 
the specimens from water and immediately prior to testing, the support 
lugs for the LVDTs were stuck to the specimens using an epoxy resin.
It was necessary to dry the specimen surface locally at lug positions, 
and inevitably some time elapsed (up to 10 minutes) between removal 
from the water and testing but specimens were still essentially 'wet' 
when tested. The outputs from the LVDT's were amplified, then fed 
into two X-Y-Y chart recorders so that deformations on each face of a 
specimen were recorded. The LVDTs were calibrated against a bench 
micrometer and the chart recorder scales:,adjusted to show strains 
directly. *
4.2.3.1. Specimen Manufacture and Test Procedure
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Figure 4.2 LVDT attachment
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Two specimens from each separate mix were tested under a monotonically 
increasing load (although each specimen was bedded by application of 
a small load subsequently removed) and two were subjected to, generally, 
three cycles of load with increasing peak load prior to failure.
The load was applied by hand at a steady rate. When expressed as a 
strain rate, the rate was about 0 .2 % strain per minute compared with 
about 0 .8%/minute on the compression side of a flexural test (as 
recorded by surface strain gauges).
4.2.3.2. Experimental Results
A typical stress-strain curve for a specimen (.1A) subjected to a 
steadily increasing load is shown in Figure 4.3(a). Figure 4.3(b) 
shows the stress-strain relationship for a specimen (4A) subjected 
to a cyclic load. In Figure 4.3(a), two output curves from LVDTs on
opposite faces of the specimen have been shown. In Figure 4.3(b) one
output only has been shown for clarity.
For each curve, the following parameters have been recorded (Figure 4.4)
Eg, the tangent modulus at the origin
Eg 2 * the secant modulus at 0 .2% strain
a , the stress at failure (also the maximum stress)ult
£ the failure strain, ult
For each specimen the results of the four LVDT outputs have then been 
averaged, and are shown in Table 4.2.
(a) Monotonic Loading
Strain %
(b) Cyclic Loading
FIGURE 4.3 Matrix Compressive Behaviour
Stress MN/m 2
FIGURE 4.4 Data abstracted from matrix compression o-e curve
TABLE 4.2. RESULTS OF COMPRESSION TESTS ON MATRIX
MONOTONIC 
SPECIMEN OR CYCLIC 
LOAO
%
GN/m
E0 . 2
GN/m2
Cult
MN/m2
Eult
( 1A M 28.7 24. S 87.5 0.54
MIX A
( 2A M 27.3 24.0 - -
( 3A • C 27.7 24.2 84.1 0.53
( 4A C 26. G 24.0 84.7 0.57
C 5B M 28.0 - 87.1 -
MIX B
( 6 B M 28.4 24.3 85.2 0.59
C 7B C 28.2 23.B 84.5 0.57
( BB C 27.8 23.6 85.6 0.56
[ 9C M 27.2 - 84.2 -
( IOC M 27.8 24.1 84.9 0.57
MIX C
( 1 1 C C 27.8 23.6 85.6 0.64
( 12C C 26.1 24.3 8 8 . 1 -
MEAN 28.0 24.1 85.6 0.57 .
Coefficient 
of Variation % 1 . 6 1 . 0 1.5 5.5
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edge during placement and the specimen’s premature failure was thought
to originate from thie. In other instances, lugs holding LVDTs fell
off during loading, and in these cases, the results of modulus or strain
are not given Xeven if some data was obtainable from LVDTs still in
tact). The effect of load cycling on the ultimate parameters is assumed
to be insignificant and this appears to be justified by the results for
o -i. and e ... ult ult
If individual LVDT outputs are examined, then it is apparent that the 
strain distribution across the specimen is non-uniform. This is the 
major cause for the variation in tangent modulus Cby - 2 0 % in extreme 
cases) recorded by individual LVDTs. Values for EQ 2 are more consistent, 
which suggests that the strain distribution evens out as failure is 
approached. When LVDT outputs are averaged, however, there is good 
agreement between results for individual specimens, as is evident from 
Table 4.2.
Specimens failed, in some cases explosively, by longitudinal splitting, 
originating near the centre of the specimen. Typical shapes of 
fractured specimens are shown in Figure 4.5.
A simple cubic curve was fitted to the compressive stress-strain results. 
The curve was made to pass through the origin with slope £^, through
20.2% strain at a stress of (E^ 2 x D.002), and through cr = 85.6 MN/m ,
£ = 0.57%, yielding the following relationship between matrix compressive 
2stress, a, CMN/m ) and strain £(%)
a = 280 £ - 177£2 - 90£3 4.1.
With, reference to Table 4.2, Specimen 2A was slightly damaged along an
The relationship is shown graphically in Figure 4.6.
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FIGURE 4.6 ’Average' stress-strain relationship of matrix in 
compression.
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>
For the cyclically- loaded specimens, the strain from which unloading
began or the peak strain, £^, the unloading modulus, Eu, and the
residual strain, e , were recorded [Figure 4.4), in addition to r u
the parameters in Table 4.2.
The relationship between:
Ci) £ and £ is shown in Figure 4.7 and r p
(ii) E and e in Figure 4.8. u - p
For the latter, a line of best fit has been calculated, yielding:
E , = 29.3 - 19.2 e 4.2U p
in which £ is a strain %.P
Equations 4.1 and 4.2 taken together can be used to define a relationship
between e and e shown in Figure 4.7 which tends toward a lower bound r p a
to the experimental results.
Equation 4.1 may be used to represent the behaviour in the compression 
zone in a rigorous flexural analysis of a composite. Similarly, any 
rigorous analysis of cyclic leading in flexure should account for the 
variation in stiffness of the matrix in compression (and the related 
presence of residual deformation in compression) as represented by 
equation 4.2.
4 .2 .3.3. Discussion of Matrix Compression Results
It is apparent from the results that the matrix under test has a high 
strength and high strain capacity, in comparison with conventional 
concrete. The essentially non-linear shape of the compressive stress- 
strain curve of Figure 4.6 is similar to those reported for cement
0.08
0.06
r
% 0.04 f-
0,02
—  -— - calculated
relationship
/
/
/
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FIGURE 4.7 Residual Strain, v. Unloading Strain, 
Matrix in compression.
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(4 2 4 3)pastes elsewhere * ' ’ and can be explained by the progressive
( 4 . 4 )disruption of the material due to the propagation of cracks, 
in addition to time-dependent effects. The inelastic behaviour is 
emphasised by the presence, on unloading, of residual strains at 
zero load, although these are generally a small proportion (< 1 0 %) 
of the strain at unloading, e .r
The matrix modulus of elasticity in compression, as measured by the
2initial tangent modulus of 28 GN/m or the secant modulus at 0.2%
2of 24 GN/m , is less than that in direct tension deduced from tests
2on the composite (about 34 GN/m ). The difference is unlikely to
be accounted for completely, as discussed later, by the faster rate
of strain application in the tensile test Cabout 5%/minute) compared
to the compressive test (about 0.2%/minute). A similar trend has
been reported for concrete specimens with a tensile modulus about 1 0 %
C4.5)higher than the compressive modulus.
The assumption that the limited load cycling does not affect the 
envelope of the stress-strain curve in comparison with the simple 
loading case is supported by work by Spooner and Dougill on concrete 
s p e c i m e n s . Sinha et a l ^ ' ^ d i d  report a clear distinction 
between the envelope and the normal stress-strain curve, but it is 
worth noting that the difference lay principally in the falling load 
region for concrete specimens after a maximum stress has been reached. 
Cook and C h i n d a p r a s i r t h a v e  reported that, for a cyclic loading 
history, the compressive strength is unaffected for mortar and paste 
(but reduced for concrete) although they note a reduction in strain 
at peak stress.
[ 4 3  4 BlSpooner et al 1 ’ * have cyclically loaded cement paste and
concrete in order to assess quantitatively the damage sustained by 
the material during loading (related to the hysteresis loop).
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The initial reloading modulus reduced as the unloading strain increased. 
It is interesting that Figure 4.8 appears to confirm one of their major 
conclusions, namely that damage can be detected at compression strains 
as low as 0.04% for concrete and 0.05-0.06% for cement pastes. Figure
4.8 suggests that the specimens tested would have ’elastically' 
unloaded (i.e. at the same modulus as the initial loading modulus) at 
strains below about 0.07%.
The effect of strain rate on the stress-strain curve of cement pastes
(4.2)
was investigated by Spooner et al. In one series of tests, 'the
effect of increasing the strain rate from 0.0005%/minute to 0.005%/
minute is not conclusive but appears to marginally increase the maximum
(4.3)stress whilst reducing the corresponding strain. In other work ' a 
strain rate increase from 0.02%/minute, to 0.3%/minute produces stress- 
strain curves differing slightly in initial slope and peak stress 
(Figure 4.9). For concrete, the type of curing (i.e. in air or water) 
appears significant. In water the strain at maximum stress was not 
significantly different at a faster rate CO.03%/minute compared to
0 .0 0 0 2 %/minute),, yet the maximum stress was (by about 1 2 %).
In the absence of a more extensive and sophisticated series of tests 
on the matrix in compression, it seems reasonable, therefore, to 
assume that the stress-strain relationship and unloading modulus 
relationship proposed above might not produce significant errors in 
the analysis ,3t strain rates an order of magnitude above and below 
that at which the tests were conducted.
4.3. THE FIBRES
The reinforcing fibres under discussion are continuous fibres forming 
part of a fibre network which has been produced by opening up a
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STRAIN x  10*
FIGURE 4.9 Envelope stress-strain curves at different strain rate for
cement paste specimens 28 days old of w/c ratio 0.47. Strain 
rates: fast 3000 x 10 6 /min; slow, 200 x 10 6 /min. ^  ' 3
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FIGURE 4.10 Isotactic polypropylene structure
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fibrillated, drawn film of polyolefin. Both ’fibre' and ’film’ are 
used to describe the nature of the reinforcement, e.g. film volume 
fraction is used with the same meaning as fibre volume fraction.
A consequence of the use of high draw' ratios (i.e. the ratio of the 
final length of film to the original length) is a high degree of 
alignment of the .axes of the molecule chains parallel to the draw 
direction. This increases the strength and stiffness of the film 
in that direction, but leaves the film weak laterally, hence the ease 
with which fibrillation occurs. Fibrillation,
the generation of longitudinal slits in the film, can be controlled 
to a regular pattern by the use of pin systems on rollers over which 
the stretched films are led. The slit length and spacing can be 
varied by adjustment of the pin spacing and the relative speeds of 
the film and the pin roller.
(4.10 4.11)The technology of extruding, drawing and fibrillation ° ’ has
been used for many years to produce oriented film tapes and twines 
for the packaging industry.
4.3.1. Fibre Types
4.3.1.!. Polypropylene
At a molecular level, the polypropylene is in the isotactic configuration
i.e. the methyl CH3 groups are positioned to fall on the same side of the 
main chain carbon back bone,'(Figure 4.10, previous page).
(4 12)Samuels ’ has described the changes that take place in the structure 
of polypropylene as it is drawn. The unoriented isotactic polypropylene 
is formed of large supermolecular structures called spherulites, 
composed of rays of radial fibrils in all directions from the centre of
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the spherulite. These fibrils are composed of crystalline regions 
and non-crystalline regions. The crystalline regions are themselves 
composed of chains of molecules folded in concertina fashion. Fibrils 
parallel to the force (during drawing) may have the molecular folds 
stretched out and fully extended such that the axes of the molecules 
become essentially straight and aligned to the force direction. Folded 
chains in radial fibrils not aligned in the draw direction could even­
tually, by processes cf lamellar slip,orientation and separation, 
become al,i4nsd"in the draw direction. The spherulites ultimately lose 
their identity and aligned microfibrils result.
Interestingly, the resultant combination of aligned microfibrils in an 
amorphous matrix is analogous to fibre-reinforced composites and a
similar theoretical treatment may be used to determine modulus and
•. (4.13)strength.
The mechanical properties of fibres and films are related to the state
of orientation of the polymer, which is itself related to the draw ratio
(and draw temperature). For a given draw temperature, high draw ratios
(4.14)yield higher moduli and tensile strengths.
The polypropylene films used in this study and supplied by Bridon Fibres 
and Plastics had draw ratios in excess of 8:1. Three polypropylene 
films were used:
.Surrey reference Bridon Sample Code
Bar 15 1952/R1/5
Bar 18 1952/R1/8
Bar 112 1952/R1/12
although the majority of this work is concerned with two. Bar 18 and 
Bar 112.
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Each film was about 40 ym thick and was supplied in fibrillated 1 0 0 mm 
widths. The film Bar 112 was produced as a substitute for Bar 18,
(4 15)
having, claim the manufacturers, the same properties. ° The three
networks (opened as they would appear far composite manufacture) are
shown in Figure 4.11. The film Bar 112 was also available in
unfibrillated form. There is a distinction in appearance between Bar
15 and the other two films, the former having a 'smooth' texture, with
regular fibrillation, the latter two are 'rougher', 'hairier' films
with short strands hanging loose from the main continuous length of
film. The smooth/rough texture distinction is an inadequate classifi-
(4 IB)cation of the stress transfer capabilities of films generally 
but the intuitive feeling that the smoother Bar 15 film would produce 
widercrack spacings than the other films, is borne out in tests on the 
composites.
4.3.1.2. Polyethylene
Since the conventional films (such as polypropylene) obtained by drawing 
still contain molecular chainsin the folded form, their stiffness
(4.14)remains far below theoretical values for aligned, fully extended chains.
the technique of tensile drawing has, however, been advanced with great
(4 17 4 18)effect by Ward et al * ' in their work on high modulus polyethylene.
By using draw ratios (Y 30) very much higher than usual, extremely high
2tensile moduli O  70 Gl\!/m ) have been obtained.
An alternative approach to achieving full extension of polymer chains
is by flow-induced extension of the chains in the melt or solution and
subsequent solidification in this extended form. The methods used have
(4 14)been reviewed by Keller and Barham. * The resultant crystalline 
polymer is in the form of a central core of aligned, extended polymer .
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F I G U R E  4.11 Po l yp r opy l en e  film ne t wo r k s
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chains with platelets of folded chains at intervals, termed ’shish-
kebabs’ by a culinary analogy. It might be thought that, to achieve
high modulus fibres, the object is to increase the stiff central core
of the 'shish-kebab' and reduce the folded platelets. It appears,
however, that it is the increase in length of the crystalline regions
in the core that is crucial in achieving high modulus. A modulus of 
2150 GN/m at room temperature has been achieved.
The high modulus polyethylene used was developed by the Metal Box
(4 .*19)Company Ltd 0 based on the patented work of Ward. 25mm fibrillated
films of thickness approximately 40 pm were supplied, with the code
name E3H, together with representative samples of unfibrillated film.
The fibrillated network opened to about 100 mm is shown in Figure 4.12, 
together with a length of unfibrillated film.
4.3.2. Tensile Tests on Films
4.3.2.1. Test Procedures
[a) Unfibrillated Film (Bar 112 and E3H)
600 mm lengths of unfibrillated film were cut to approximately 3 mm
widths. Each length was weighed in order to determine the average
3 3specimen cross section area Cp= 910 Kg/m for polypropylene, 960 Kg/m
for high modulus polyethylene). The specimens were tested in an Instron
1122 machine (Figure 4.13) using purpose-made grips into which the
4v
specimen ends were carefully centred. The rate of cross-head movement 
was set to 2 0 mm/min equivalent to, approximately, a strain rate of
3.5%/minute. Deformation was measured by cross-head movement as recorded
\
on the Instron chart. Specimens were tested at room temperature, which
□ oover a period when tests were carried out, varied between 16 C to 20 C 
(the lower temperature was due to a heating failure in the laboratory).
F I G U R E  4.12 E3H f i lm - f ibr iHated  and  unf ibr iHated s a m p l e s
F I G U R E  4.13 F i l m  s t r i p  under  test
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For each film type, 15 specimens were tested in the following manner:
(i) 5 under mcnotcnically increasing load to failure;
(ii) 5 under a cyclic loading/unloading pattern;
(iii) 5 under a cyclic loading/unloading pattern with
recovery at zero load.
Recovery was allowed to take place in the following fashion. At zero 
load, the specimen attempted to recover between fixed grip positions, 
thus loading the system again. This load was reduced (at 1 mm/min 
cross head movement) to zero, and the procedure repeated until recovery 
(at least in the short term) had apparently ceased.
Cb) Fibrillated film. (Bar 18, Bar 112)
600 mm lengths of fibrillated film 100 mm wide were folded into 25 mm 
widths. The ends of each specimen were protected by adhesive tape to 
produce a more uniform gripping action in the jaws of the Instron 
testing machine. Specimens were tested at a rate of cross-head movement 
of 20 mm/min (3.5% strain/minute) and deformation was monitored, once 
again, by cross-head movement. Load cycling was not carried out for the 
fibrillated film specimens. Five specimens of each film type were tested.
It should be noted that there is little point, in general, in testing
fibrillated film lengths for film properties, for two reasons:-
Ci) a length of film contains many loose fibrils which remain unstressed 
during loading. The cross-sectional area of the film obtained by weighing 
thus overestimates the load-carrying area;
Ciil it proves; to be extremely difficult to grip film ends such that 
tbe cross-section, essentially composed of a large number of individual 
fibres, is uniformly stressed.
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These problems are considerably reduced in unfibrillated film testing, 
and since there is no evidence to suggest that the fibrillation process 
alters basic fiim mechanical properties, tests on unfibrillated film are 
obviously preferable.
However, since Bar 18 film was available in fibrillated form only, a 
more realistic assessment of the modulus of elasticity of the film 
should be obtained through a comparison of the fibrillated and un­
fibrillated results for Bar 112 film.
4 .3.2.2. Test Results for Unfibrillated Films
(a) Polypropylene (Bar 112)
Figure 4.14(a)-(c) shows the behaviour of three typical tensile 
specimens of Bar 112 film. In Figure 4.14(a), the specimen has been 
loaded directly to failure. In Figure 4.14(b) load cycling has been 
carried out and in Figure 4.14(c), the specimen has been allowed to 
recover at zero load before reloading.
The objective in analysing the data for the 15 specimens is to establish 
a simple model for film behaviour on loading and unloading in tension.
The loading curve is made up of two essentially linear regions and can 
thus be sensibly represented by a simple bilinear relationship. For 
unloading and reloading, it is reasonable to assume a single reversible 
path. Furthermore it is not unusual to assume that a loading or unloading 
path is unaffected by any previous loading history. The simple model is 
illustrated in Figure 4.15, on which the following nomenclature for the 
data recorded for each specimen is shown:
2E„. initial film modulus of elasticity (GN/m )t X
2E ^  secondary film modulus of elasticity (GN/m )
e strain t%) at the change from E_, and E„„
04
(a) monotonic loading
Strain %
(b) Cyclic Loading
strain %
(c) cyclic loading with recovery
FIGURE 4.14 Bar 112 film behaviour in tension.
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cr„ maximum stress (MN/m )f u
e p maximum strain (%)fu
The results for the fifteen Bar 112 specimens are shown in Table 4.3.
Additionally, for the cyclically loaded specimens, the following data 
have been recorded:
the pjeak strain(%) from which unloading began
£ residual strain t%) at zero loadr
2average unloading modulus of elasticity (GN/m ) from Ep to e^.
and for specimens where recovery has taken place at zero load:
£ residual strain C%) after recovery, rec J
It is apparent from Figures 4.14(b) and Cc) that the residual strains, 
for Bar 112 film, are a small proportion (generally about 10% or less) 
of the unloading strain, and that these strains are further reduced by 
recovery at zero load, the major portion of which occurs almost immediately.
Residual and ’recovery’ strains are plotted against the strains from which 
unloading commenced in Figure 4.16. It appears that full recovery may be 
achieved in the relative short term if the unloading strain is less than 
about 2 s%.
Figure 4.17 shows the measured values of average unloading modulus,
plotted against the unloading strain, £p , for the "non-recovery" specimens.
A simple second order polynomial curve has been fitted to the experimental
data, which by coincidence, not by design, passes through the point
2CE , £ ) i.e. (8.9 GN/m , 0.75%, from the means in Table 4.3)-. It is 1 1 a
reasonable to assume that at strains below £ , the unloading modulus
0
2
86
Stress
FIGURE 4.15 Idealised Model of Film Behaviour.
TABLE 4.3. TEST RESULTS BAR 112 FILM
Loading Specimen Efl
GN/m2
Ef2
GN/m2 %
Max.
Stress
MN/m2
Max.
Strain
C
r
1 9.2 4.5 0.76 2 1 1 4.1
I
2  . 8.5 4.3 0.85 2 2 0 4.4
Mono- f 
tonic f 3 9.3 4.3 0.76 199 3.8
r 4
8 . 1  ' 3.7 0.76 172 3.9
l
( 5 8.4 4.0 0.84 213 4.7
c
r
6 9.5 5.1 0 . 6 8 195 4.2
I
( 7 9.4 4.8 0.69 216 4.4
Cyclic ,
f
8 9.4 4.8 0.77 215 4.0
I
C
f
9 9.2 4.5 0 . 6 6 228 4.8
I
( 1 0 9.1 4.3 0.72 227- 4.9
{
f
1 1 9.4 4.1 0.69 209 4.9
(
r
1 2 8 . 8 4.1 0.71 193 4.2
Cyclic . 
fi Re- i 13 8.4 4.1 0.77 premature failure
covery ,
f 14 8 . 0 4.0 0.75 173 4.0I
C 15 8 . 8 4.5 D. 83 186 3.9
X 8.9 4.3 0.75 205 4.3
coefficient
variation
of 5.7 8.5 7.8 8 . 8 9.0
*87
2.0
1.5 -
1.0
0.5
recovery of strain
calculated relationship
/
/
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FIGURE 4.16 Residual strain, v Unloading Strain, e 
Bar 112 Polypropylene Film.
FIGURE 4.17 Unloading modulus, E ^  v Unloading Strain, 
Bar 112 Polypropylene Film.
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effectively equals the initial loading modulus.
The idealised bilinear loading relationship and the relationship
between E _ and e define the model relationship between £ and £ .uf p K r p
This relationship, drawn on Figure 4.16 as a dashed line, overestimates 
the residual strain on unloading from strains of less than 2%. This 
is partly due to the unreliability of the experimental data at low 
residual strains, but, principally, it is due to the sensitivity of 
the relationship to E^, E^ 2 and E . For example, if values of E ^  
and E^ 2 used are the average of the 'cyclic load - no recovery’ 
specimens alone [instead of all specimens), then the derived model 
relationship lies closer to the experimental data at low strains.
The simple relationship £, = £p/10 is a reasonable fit to the 
experimental data, as shown on Figure 4.16.
Nonetheless, it is considered that the following relationships represent 
a reasonable mode'l of the behaviour of a Bar 112 polypropylene film under 
tensile loading/unloading:
for a strain £ ^ £ CO.75%)p . a
E = Efl = 0.9 GN/m2 4.3
E „ = E_. = 8.9 GN/m2 4.4uf f 1
for a strain £. > £ (0.75%)p a
E = Ef 2 = 4 . 3  GN/m2 4.5
E . = 10.79 - 2.68 e + 0.375 e 2 4.6uf p p .
where £ is a strain %.P
Cb) Polyethylene CE3H)
Figure 4.18(a) - (c) shows the behaviour of three typical tensile
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specimens of unfibrillated high modulus polyethylene film, E3H. In 
Figure 4.18(a), the specimen has been loaded directly to failure. In 
Figure 4.18(b) load cycling has been carried out and in Figure 4.18(c), 
recovery at zero load has been allowed.
The simplified model of film behaviour used for Bar 112 is again adopted 
(Figure 4.15), and the same nomenclature will be used. The results for 
fifteen E3H specimens are shown in Table 4.4.
Initial and secondary moduli of elasticity are, as expected, higher
than for Bar 112 film. Failure stresses, are also greater, but failure
strains are lower. There is a greater variability in the results for
E3H film, particularly in E ^  values. This is believed to be due to
the higher loads at lower strains (.compared to the Bar 112 film)
increasing the tendency for the film ends to slip in the jaws. An
initial slip is sometimes evident from the stress-strain curve and
slippage may continue (albeit at a reduced 'rate') thus lowering the
modulus measured by cross-head movement. The average initial modulus
2Efi* for all specimen's of 26.7 GN/m is slightly lower than has been
2 (416)recorded elsewhere (e.g.29 GN/m ). The variation in maximum
stress (.and hence strain) is probably due to the variation in specimen 
cross-sectional area and to non-uniform loading particularly near 
grips. The cross-sectional area variation could arise from two sources: 
Ci) error in cutting strips to precisely 3 mm. wide (ii) intrinsic 
thickness variations in films (e.g. the phenomenon known as draw 
resonance) resulting from the extrusion process.^ * 1 1 )
There is a marked difference between films Bar 112 and E3H in their 
behaviour under cyclic loads. For E3H film, residual strains at zero 
load are a large proportion (approximately 40%) of the strain from 
which unloading began, £p. In Figure 4.19, residual strains, £^, are
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(a) monotonic loading
(b) cyclic loading
FIGURE 4.18 E3H film behaviour in tension.
_ 400
Strain %
(c3 cyclic loading with recovery
FIGURE 4.18 (cont'd) E3H film behaviour in tension. 
TABLE 4.4. . TEST RESULTS E3H FILM
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Loading Specimen E f l 2GN/m
Ef2 2
GN/m
e ' a Max.Stress
MN/m2
Max.
Strain%
C 1 c 24.8 11.9 0.47 415 3.1(
I 2 ( 32.3 1 2 . 6 0.50 353 2.1
Mono- ( 
tonic ( 3  
(
30.1 13.0 0.43 premature failure
( '
C 4 
C
24.6 13.2 0.G7 406 2.5
( 5 21.3 11.2 0.71 420 3.7
[ 6 
(
* 15.1 w 340 ,‘origin lost* on 
record
C
j 7 29.4 13.8 0.43 450 2.9
Cyclic t 3 20.9 14.1 0.41 413 2.7
L "" . ” 
( 9 28.5 14.0 0,45 • 387 2 . 6  •
j: 1 0 . 25.9 1 2 . 0 0.56 459 3.8
( 1 1  ( 25.5 13.1 0.60 482 3.2(
C * 12 C. 24.9 12.7 0.63 405 2 .B
Cyclic & C. 
Recovery C 13 23.4 13.7' 0.65 350 2.3
C. 14 C 30.2 13.7 0.50 529 3.5I
t 15 24.2 13.2 0.63 357 2.5
"x 26.7 13.2 0.55 412 2.9
Coefficient of var­
iation %
11.9 7.6 18.5 13.2 18.4
plotted against the unloading strain. The strains after recovery 
has occurred at zero load (which are also shown in Figure 4.19) are 
about 18% of the unloading strain.
The unloading modulus, E _p, for E3H film is plotted against the
unloading strain, £^, in Figure 4.20. Unloading moduli measured are
considerably higher, at low unloading strains, than the initial
modulus E^. As for Bar 112 film, a simple second order polynomial
has been fitted to the experimental data (the dashed line in Figure
4.20). Intuitively, one would expect the unloading modulus to
approach the true initial tangent modulus at zero load on unloading
from very low strains, which implies a tangent modulus at the origin 
2of about 40 GN/m , 50% greater than the measured initial modulus of 
226.7 GN/m of the simple model. For this film, it will be assumed
that the relationship shown in Figure 4.20 between E ^  and £^ applies
as the unloading strain reduces below £ and approaches zero.  a
Again, the bilinear loading and E ^ — £ unloading relationships will
yield a relationship* for the model of film behaviour, between the
unloading strain, £ , and the residual strain at zero load, £ . Thisp r
relationship is plotted as a dashed line in Figure 4.19 and shows good 
agreement with experimental data for residual strains.
To summarise, the following relationships represent a reasonable model 
of the behaviour of an E3H polyethylene film under loading/unloading 
in tension:
far a strain £ <: e (0."55%L-------------- p--- a ---- -
93
FIGURE 4.19 Residual Strain,e^ v Unloading Strain,ep 
High modulus polyethylene E3H Film.
40 \
Uf35|-
GN/m2
30
25
\
\  a
\  oDra O N  □
Y 1
e % P
FIGURE 4.20 Unloading modulus, E ^  v Unloading Strain, sp 
High modulus polyethylene E3H film.
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for a strain £ > £ (0.55%
---------------------------------------------------p  —  a -------------------------
E = E 13.2 GN/m'2 4.9f 2
E 40.12 - 8.83 e + 1.08 e 
P I
2 4.10uf P
where £ is a strain % P
4.3.2.3. Test Results for Fibrillated Films
The difficulties of obtaining reliable results in tests on fibrillated 
film were mentioned in Section 4.3.2.1. The main object of testing 
•fibrillated film was to check the manufacturers claim that Bar 112 
and Bar 18 films had similar properties.
(a) Bar 112 Polypropylene film
A typical stress-strain curve for one specimen is shown in Figure 4.21(a)
2Failure of the specimen begins at an ’apparent' stress below 100 MN/m ,
2compared to a mean failure stress of 205 MN/m for unfibrillated film.
The secondary modulus, E.p2 ' *"*as been tentatively deduced since failure 
occurred just as a steady slope appeared to be developing. The 
following mean results were obtained from the five specimens:
2E ^, initial modulus = 5 . 2  GN/m
(.coefficient of variation CC.V. ) = 5%)
2Ef2, secondary modulus = 3.7  GN/m
CC.V. 4.5%)
For the unfibrillated film the values of E„, and E„„ obtained weref 1 f 2
28.9 and 4.3 GN/m respectively.
nominal stress 
m/m
strain %
(b) Bar 18 fibrillated film
nominal stress
m/ m 2
(a) Bar 112 fibrillated film
FIGURE 4.21 Fibrillated film tensile behaviour:typical results.
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(b) Bar 18 Polypropylene film
A typical stress-strain curve is shown in Figure 4.21(b). In this 
case, the secondary modulus, more dearly defined. The
following mean results were obtained from the five specimens:
E„,, initial modulus = 5.1 GN/m2 (C.V. 7.3%)f 1
?E^2 * secondary modulus =3. 1  GN/m (C.V.5.9%)
The similarity between the initial modulus values of Bar 18 and
Bar 112 films supports the manufacturer’s claims that the two films
have the same properties. It is likely, therefore, that tests on 
unfibrillated Bar 18 film would yield similar results to those 
obtained for unfibrillated Bar 112 film.
4.3.2.4. Effect of Strain Rate on Film Properties
The strain rate used-for the tests on the film is about half that used
(4 21 4 22)for tests on the composite. Evidence reported elsewhere '
suggested that doubling the strain rate (at this level of strain rate) 
would not have a significant effect upon film properties measured.
This was checked by testing three Bar 112 film specimens at a cross­
head displacement rate of 50 mm/minute, compared to 20 mm/minute for 
the tests reported earlier. The results, for Bar 112 specimens 16-18, 
are given in Table 4.5.
TABLE 4.5.
c . E- E _ Max. Max.Specimen fi f2 Stress strainGN/m GN/m stress Strain
MN/m
16 9.1 4.2 168 4.2
17 9.6 4.5 213 4.2
18 9.4 4.4 223 4.5
X 9.4(8.9) 4.4(4.3) 201(205) 4.3(4.3)
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Statistically, at the 1% significance level, there is no evidence to 
suggest that the and E ^  values at a cross-head speed of 50 mm/ 
minute are different from those at a cr-oss-head speed of 2 0 mm/minute.
4.3.3. Discussion of Results
It is usual, in accounting for the viscoelastic behaviour of polymers, 
to quote deformation or strain data as a function of time for given 
stress levels. Isochronous- stress-strain curves can then be derived, 
indicating the stress-strain relationship at different values of time 
from the commencement of loading. Stress-strain curves determined by 
loading a test specimen at a constant strain rate are not common in 
the polymer properties literature, but are more appropriate in this 
instance since the composite is to be loaded at an overall constant 
strain rate. It should be noted, however, that cracking in a composite 
imposes a series of discrete, sudden stress changes on the fibres, so 
that local strain rates on the fibres may differ considerably from the 
overall composite strain rate.
The shape of the stress-strain curves may be explained by the visco­
elastic, time-dependent behaviour of the polymers, or by a yielding
phenomenon with associated permanent plastic deformations analogous
(4.23)to the elastic-plastic behaviour of metals. It could be that the
larger residual strains associated with the polyethylene indicate some
yielding or permanent deformation has taken place and that there- will
be some permanent residual strain, at least at room temperature. Wilding 
(4 24)and Ward ’ have suggested a creep model for high modulus polyethylene 
in which there are instantaneously recoverable strains, time dependent
Figures in brackets are for the same film type tested at 20 mm/minute.
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recoverable strains and irrecoverable, strains, although at short 
times under load [< 1 0 0 sec.), the experimental data suggest almost 
complete recovery, eventually. At longer times, high/molecular 
weight polyethylenes can display a critical stress below which 
irrecoverable creep is negligible; a fact, it was noted, of 
considerable importance with regard to the application of the fibres 
as reinforcement.
Drawn polypropylene, on the other hand should eventually recover
(4.13)completely. Spencer-Smith * suggests that, in terms of the matrix- 
microfibril 'polymer composite* introduced in Section 4.3.1.1, the 
matrix (but not the microfibrils) may deform by plastic flow during 
straining. Unloading will result in immediate elastic recovery 
(about 80-90% on unloading from strains of less than 10%) of 
microfibrils and matrix, followed by a delayed elastic recovery as 
the matrix readjusts itself under the recovery forces of the micro- 
fibrils.
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1. The cement-sand-pfa matrix of the fibre cements under test has
a high compressive strength and strain to failure in comparison
2to conventional concrete ('v 86 MN/m and 0.55% respectively from
tests on 50 mm square by 150 mm high prisms at 0.2% strain/minute).
2This contrasts with a strength in direct tension of about 10 MN/m 
and failure strain of about 0.03%.
2. The stress-strain relationship of the matrix ib compression is.
2non-linear with an initial modulus of about 28 GN/m . Small 
residual deformations (< 0 . 1 of the unloading strain) are present 
when unloaded from strains greater than about 0.07%.
3. Polypropylene and high modulus polyethylene film specimens exhibit 
an essentially bilinear stress-strain relationship in tension (at 
a strain rate of about 3.5%/minute).
4. The polyethylene film has a higher initial and secondary modulus
(26.7 GN/m2, 13.2 GN/m2)than the polypropylene film (8.9 GN/m2 ,
24.3 GN/m ), and a higher failure stress (.but lower strain to 
failure) than polypropylene film.
5. Residual tensile strains upon unloading are a higher proportion of 
the unloading strain for polyethylene film O  40%) than the 
polypropylene film C'v 1 0 %).
4.4. CONCLUSIONS
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THEORETICAL BEHAVIOUR OF A FIBRE CEMENT 
COMPOSITE DURING LOADING/UNLOADING/RELOADING IN DIRECT TENSION
5.1. INTRODUCTION
The object of this chapter is to develop generalised equations which 
will describe the complete behaviour of a cracked fibre cement in 
loading, unloading and reloading under direct tension. In particular, 
residual strains and changing stiffness of the composite are examined. 
It is assumed that there is a linear, frictional stress transfer 
between fibre and matrix, and that the fibres are aligned and 
continuous. Initially, a further assumption of an elastic fibre and 
matrix is made, but subsequently, the theoretical predictions of 
composite behaviour are modified to account for inelastic fibre 
behaviour of the type exhibited by the polyolefin fibres under study.
Unavoidably, a considerable number of symbols are used in this 
chapter. Whilst the symbols are explained (or illustrated) as they 
appear in the text, a list of the main symbols is given below to 
assist the reader.
E matrix modulus of elasticitym
E„ fibre modulus of elasticityT
E modulus of elasticity of uncracked compositec
Vp fibre volume fractionf
V matrix volume fraction
CHAPTER 5
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C matrix failure stressmu
e matrix failure strainmu
emc strain at the end of multiple cracking region
E V / E X  m m  f f
ix minimum crack spacing
2 s general crack spacing
£p peak strain from which unloading commences
e residual strain at zero loadr
£rec * residual strain at zero load after recovery
Cfc composite stress in loading cycle
C uc composite stress after some unloading
A a (G - o )c c uc
G^c composite stress after some reloading
Acr (a . - a )lc 1c uc
af stress in fibre at crack during loading cycle
Gu_p stress in fibre at crack after some unloading
ai _ stress in fibre at crack after some reloadingIt
£c composite strain in cracked zone during loading cycle
£uc composite strain in cracked zone after some unloading
£ composite strain in cracked zone at zero loaduo
£^c composite strain in cracked zone after some reloading
“e overall composite strain during loading cycle
£*uc overall composite strain after some unloading
£n fibre strain at a crackf
E (unloading) modulus of cracked zone of composite at
stress Guc
E^ overall (unloading) modulus of composite at stress G
E^c (reloading) modulus of cracked zone of composite
at stress G.lc
E, overall (reloading) modulus of composite at stress G1 1C
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L specimen length
n number of cracks
M Efi : E^* ratio of initial: secondary modulus of 
elasticity of fibre
strain at change from E ^  to E ^
E ^  unloading modulus of fibre
U energy absorption by composite
Av relative displacement between fibre and matrix
T frictional shear stress between fibre and matrix
P.p fibre perimeter
A„ fibre cross-sectional areaf
N number of fibres in unit volume of composite
5.2. . INITIAL LOADING STAGE
Consider a section of composite of length 2s (< 2x ) between two
cracks (Figure 5.1). The composite is under a stress c?c, which produces
a fibre stress at the crack of G_ (= a /VJ.f o f
Equating the load at the crack and midway between the cracks yields:
OpV_ = V + a V 5.1f f fs f m m
where Vp, V are the volume fractions of fibre and matrix f m
respectively.
The average composite strain, e , is given by the average fibre strain
i.e.
ec ■ ^eT tCTf * V  5 -2f
where E^ is the fibre modulus of elasticity.
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FIGURE 5.1 Initial Loading: fibre and matrix stress 
distributions between cracks.
FIGURE 5.2 Stress distributions after some unloading
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a V
0 = i- (a - ) 5.3,c Ejj f 2 V_f f
Substituting for Op from equation 5.1:
or, in terms of composite stress, a :c
, a -V
e = 1 ■ ■■ (a - ~ -2 ) 5.4,c EfVf c 2
The value of a in relation to C , the matrix failure stress, will m mu
depend upon the relation of s to x , the minimum crack spacing, as 
can be deduced from Figure 3.3:
2s = 2x' 0 = 0  5.5,m mu
2s = x 0 = 0 . 5 0 "  5.6,m mu
2s = 1.364x' O = 0.682 a 5.7,m mu
During multiple cracking of a composite specimen, Oc = Ec.e , where
E is the uncracked modulus, and £ is the matrix failure strain, c ' m u
Once the specimen is completely broken down into blocks of 2s, the 
strain at the completion of multiple cracking, -£mc* is given directly
by equation 5.4 i.e.
o V
F * _i  re E m m l
me E_V 1 c mu 2 J
t  t
Substituting equations 5.5 - 5.7 for o^ yield standard values of
£ i.e. me
crack spacing 2x*, £ = £ , Cl + <r/2 )me mu
crack spacing x*, £ = £ ,, (1 + 30C/4)me mu
crack spacing 1.364x*, £ = £ (1 + O.BSS01)r me mu
5.8
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E Vwhere ^ = m m 
EfVf
Em being the matrix modulus of elasticity,
5.3. UNLOADING STAGE
The stress distributions in fibre and matrix of Figure 5.2 result
after some unloading has taken place from a stress of ac and a strain
of e to a composite stress of a ( = a p.VJ. The length (s-a) has c uc uf t
unloaded elastically (i.e. no relative slippage between matrix and 
fibre). Slip has taken place over length ’a ’ as the fibre has pulled 
back into the matrix.
Equating loads at the crack and midway between the cracks fields:
o = o' .V „ + 0 .V 5.9uf f us f ms m
The average strain in the fibre, £uc, at composite stress Quc, is
given by:
— =• 4"(g _ + a )a + (a + G )(s-a)£ 5.10,s.E„ I uf ua us ua ye „uc 2 __p
which can be rearranged to:
p = —  (o - a ) + ~r- (G + G ) 5.11.uc 2 s.E^ , uf us 2 E^ , us ua
Let the stress in the matrix build up (or reduce) at a rate of p per 
unit length of matrix.
Then from Figure 5.1:
G = p .s 5.12m ^
and from Figure 5.2:
°ms * -P-a + P(s-a) 5 -1 3
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Thus
o - o (1 - 2a/s) ms m
By a similar reasoning:
a u f .Vf  * p . a .V m -  a uaVf
Vor a = a + am m a ua uf . — —  . —V„ s f
By use of equations 5,9, 5.14 and 5.16, o and G may be eliminatedJ US Ua
from equation 5.10 to yield:
G G V ( 2 a  fa,2 1 )z ~ u o +  m m -j —  - l— J - ■=■ fuc ---7- ■ ( s s 2 j
EfVf EfVf
It remains to relate a/s to Ouc in order to be able to determine z^c 
at any stage of unloading. Provided a/s < 1, i.e. not all the fibre 
length s is slipping back into the matrix, then midway between cracks, 
the change in strain of the matrix must equal the change in strain of 
the fibre as unloading proceeds. From figures 5.1 and 5.2 therefore:
G P “ G 0 - 0fs us _ m ms 5
E „ Ef m
From equations 5.1 and 5.9:
(afs~ aus) = [af " a uf):- (am " ams).V,
Ef Ef EfVf
m
Equating the right hand sides of equations 5.18 and 5.19, and
substituting for (G - G ) from equation 5.14 gives: a m ms
(af “ auf) Vf = (amVf + amVm )
E -P Em Enf m t
Let (Gp - G „)V = AG (i.e. G - G )f uf f c c uc
Equation 5.20 then rearranges to:
.15.
.18.
.17
.14
.18.
.19
.20.
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/ Act • E c oia/s = c m b .21
2o ,E m c
Substituting for a/s from equation 5.21 into equation 5.16 yields:
2
e o “Ao «Acr E a V r „u c = u c + c - c m - m m  5.22
EfVf Ec 4E 2a 2EfVf c m
Equation 5.22 may alternatively be written, since <Juc = ac "
2o a V Act “Aa E ce = c ■ m m —  c —  c m b. 23
EfV 2EfVf Em 4E 2 a
c m
which, using equation 5.4, yields the following expression for the
average composite strain, £ , at a stress a after unloading by au c uc
stress Act : c
A 2Act ^ ■ Act »E n o/ie = £ - c - c m 5.24uc c
Ec 4E 2. O c m
In equation 5.24 the second term on the right hand side can be thought 
of as representing an 'elastic1 strain recovery as illustrated in 
Figure 5.3.
Equation 5.24 is valid provided Act is less than Act 1, the stressc c
at which a/s = 1., i.e. from equation 5.211
Ao ' = 2<V Ec 5.25.
1 ------------------------m
or, in terms of the stress to which unloading has proceeded, o ,U u
Iequation 5.24 is valid provided O is greater than c where:' UC UL>
.1. 20 E r ona = a ~ m e  b.2 buc c —  ---Em
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stress
4E 2o c m
FIGURE 5.3 Stress and Strain Changes on Unloading.
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At Act the unloading strain, 8 ', is given by:c uc
e 1 = e - 2am - "'^m 5.27
c —  —m m
Below this strain, unloading continues with modulus E.pVp, since all 
the fibre is slipping through the matrix, and e is given by:UC
/ rAa -Ad #, c ore = e ( c c ) 5.38
uc uc ~ f~\7-----
f f
which reduces to:
AC C V ft rn qe = e - c  + m m  5.29
uo ° Y f  V 7
For comparison with equation 5.24, equation 5.29 may alternatively be 
expressed as:
AO G V P C one = e  - c - ( c -  m m )  5.30.UC C n-!_i i_i 'm' * * -iu i*.111.1E E E„Vpc c f f
in which the second term on the right hand side again represents an 
'elastic' strain recovery.
Equation 5.29 is valid when Ag c is greater than A c /  given by equation
5.25 or alternatively when G is less than C /  given by equation 5.26.UC uc
The tangent modulus of the composite, Euc,at any stress on the
unloading path can be obtained by differentiation and rearrangement
of equations 5.24 and 5.29. Differentiating equation 5.24 with respect
to Ag gives: c
de , 2 ^AG E c onuc = __1 +  c m 5.31,
dAa E 2 vc c 4E Gc m
(since F^(a-x) = -F/(x)J
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de .^ UG “ J.Then Euc = (-^— ) , which can be rearranged to yield:
uc
E
EUC ■  S------  5.32
1 + a Aac
2 o n r  ci+oc)m m
More simply and as would be expected, differentiation and rearrangement 
of equation 5.29 yields:
E =. E V 5.33uc f f
and indeed equation 5.32 reduces to equation 5.33 when Ao^ 1 from 
equation 5.25 is substituted.
5.4. RELOADING STAGE
The stress distributions in fibre and matrix shown in Figure 5.4
result when the composite is reloaded from a stress of G (anduc
strain e, ) to a new composite stress of cn (= g , nV„). TheUC 1C If T
increased fibre load at the crack has been transferred back into 
the matrix over the length b of the fibre. The length (s,-b) 
reloads elastically with no slippage between fibre and matrix. It 
can be reasoned that this is a similar situation to the unloading 
case with the length b replacing the length a (since in the elastic 
loading region, the 'locked-in' fibre stresses are unimportant), 
but with strains increasing with load increments Ac , Since equation
5.24 for the unloading case is independent of the slipping length 
(in that case length a), it can be inferred that, for the reloading 
case, the composite strain, s^ress given by:
_ Ag , a ^Ao , 2E _
elc = Euc + *  ic-  m 5'34
c 4E a c m
where AG, = o 1 - alc lc uc
Ill
|f*- crack crack
FIGURE 5.4 Stress Distributions on Reloading.
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Similarly, the tangent composite modulus, E^c, at stress a^c is 
given by:
EE.. clc —
1 + CC 2Aa.
1 c
25 V CH®) m m
Equation 5.34 is valid until a further increase in load would result
in solely an extension of the fibre, rather than a further transfer
of load into the matrix. With reference to Figure 5.4, this implies
that b = a. At this stage, the reloading modulus becomes E_pV.p and
the composite stress will have returned to the value from which
unloading began, unless the unloading stage included a phase in which
unloading proceeded with modulus E^V^ as decreasing load reduced fibre
but not matrix stresses. This will have been the case if reloading
commenced from a stress less than a f, given by equation 5.26.u c
Consider the equation 5.35 for the reloading modulus. As the reload 
increment, Aa^c, is increased from zero, the reloading modulus E^c 
decreases from E [at Acr, = o) and will approach E-V,, when:C J. C T T
E
■ft «2Aa ■ EfVf I- fs )
lc 1 +cc
2a V (l+«0 m m
that is when:
ccAalc
or
2a V (l+°0 m m
_ 2a V Cl+cc) _ 2a .E Aa~ - . m m  = m elc ----- — —  — =--
m
35
.36
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Figure 5.5 shows how the three cases (i.e. reloading commenced
from o greater than, equal to or less than tf ) will manifest uc ^ uc
themselves on the composite stress-strain curve.
These equations describing the unloading/reloading behaviour of 
a composite for a generalised crack spacing 2 s may be further 
developed for particular crack spacings (e.g. x 1, 2x', 1.364x*) 
by reference to equations 5.5, 5.6 and 5.7.
5.5. UNLOADING/RELOADING FROM WITHIN THE MULTIPLE CRACKING REGION
The unloading/reloading equations in section 5.3 and 5.4 above are 
directly applicable to the overall behaviour of a composite specimen 
in direct tension provided that the specimen is fully cracked into 
sections of length 2 s i.e. loaded beyond the region in which multiple 
cracking occurs. If a composite specimen is unloaded before multiple 
cracking is completed, then only sections of the composite adjacent 
to cracks will behave as described by the equations. The remaining 
sections will behave elastically with the modulus, E , of the 
uncracked composite.
Two extreme situations may arise during multiple cracking:
(i) in Figure 5.6(a) cracks have formed at a crack spacing 2x‘*. 
Thus associated with each crack is a region of length 2x* where the 
equations of section 5.2-5.4 apply. Dther regions, such as d, 
behave 'elastically';
(ii) in Figure 5.6(b) cracks have formed successively a distance 
x' apart (i.e. the minimum crack spacing). Except for the regions 
outside of the end cracks, there is a zone of length x* associated
the same value as in equation 5.25,as one would expect.
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stress
(a) a >  a * uc uc
stress
(b) a ~ a / uc uc
strain
(c) a < a  / uc uc
FIGURE 5.5 Unloading Behaviour,
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(a) Strain distributions during multiple cracking, cracks forming 
at spacing 2* 2 x 1 «
1 . * ■ . « x' r m  x ' -f- • x l r , x 1 . - *' H - X'r
end
crack/  
s
Y N Y ~ Y y ^ y / N -*□ '
(b) Strain distributions'during multiple cracking cracks forming at 
spacing x 1. Note strain distribution outside end crack compared 
with assumed distribution (c) below.
Cd3 Residual strain distribution 
at zero load.
FIGURE 5.6 Strain distributions in fibre and matrix.
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with each crack where the equations of section 5.2-5.4 apply 
(appropriate in this case to 2s = x'). For n cracks, it is 
therefore a reasonable assumption that there is a length nx' 
governed by the equations of section 5.2-5.4. (The assumption 
is less valid when n is small and this case is investigated in 
a subsequent section).
Generalising to n cracks forming at a spacing 2s, the cracked 
zone may be taken as being of length 2 ns.
5.5.1. Residual strains at zero load on unloading from within 
the multiple cracking region
Consider a composite specimen of length L in which n cracks have 
formed at a spacing of 2s. The cracked zone of length 2ns is 
strained to £c given by equation 5.4. Cracks are about to form 
in the (as yet) uncracked length (L-2ns) which is strained to 
the matrix failure strain. The average specimen strain 
recorded is given by:
«. 2nse + (L-2ns)££ = f c muC------------ —----------
or upon rearrangement:
2 ns _ Ec £mu
L £ - £c mu
Let the strain £c from which the composite specimen is unloaded
be termed £ . On unloading to a composite stress of Ouc* the
strain in the cracked zone is given by £uc from equation 5.24, that
in the uncracked zone by CJ /E . The average specimen strain, e ,UC c uc
at stress is given by:
5.37
5.38
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—  a (L-2ns) . 2ns 5.39e = uc #-------  + e . — ;---uc ——  ^ uc L
c
Substituting for 2ns/L from equation 5.38 with £c =
"e = a uc + ep - emu (euc -p^ ) 5.40uc •=—  —  — EE_ 8 - £ cc c mu
For the case when unloading is complete i.e. c =0, then theUC
residual strain of the composite specimen at zero load, £ , is 
given by:
£ = ep emu . £ 5.41r —  -----  uc£ - £ c mu
where £ is the value of £ from equation 5.24 at zero load. Note uo uc ^
that on unloading from within the multiple cracking region, equation
5.24 rather than equation 5.26 must apply, since the stress reduction
to zero load is E .£ (Figure 3.1). For equation 5.26 to be validc mu 43 M
the stress reduction of equation 5.25 must be exceeded. The minimum
value of Act * in equation 5.25 is obtained when G = Gc m mu/ 2
(equation 5.6) in which case Ac * = E G ^ c c mu
Em
A Ior Ag = E .£ . . c c mu
Particular solutions to equation 5.41 can now be obtained:
(i) Crack spacing ^ 2x''
i.e. G„ = G (from equation 5.5) m mu M
Equation 5.4 yields e = £ ,.(l + oc /2) since c = E £ . Hence from ^ c mu c c mu
equation 5.24 C
£ = «.£ /4uc mu
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Hence:
8 = 0.5 (e - £ )r p mu
(ii) Crack spacing x*
G = 0 / 2m mu
£ = e (1+ 3<*/4)c mu
£ = «:.£ /4uo . mu
Hence:
e = 0.333 (e - e ) r p mu
(iii) Crack spacing- 1.364x-1
o = 0.BB2 G m mu
£ = £ ■ (1+ 0.659*)c mu
£ = 0.292 *.£uo mu
Hence:
e » 0.443 (e - e ) r p mu
(Mote that in equations 5.42, 5.43 and 5.44, the residual strain at
zero load is dependent on one composite property only, the matrix
failure strain, £ , and independent of E„, E , V„ or V .mu r f m f m
5.5.2. Effect of number of cracks on residual strain for cracks 
~~ developing at spacing x
It has already been stated that the solution developed for cracks 
forming successively at x l apart ignores the different stress 
transfer zones outside the end cracks (Figure 5.6(b) and 5.6(c)). 
The justification for this is now investigated.
5.42
5.43
5.44
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Consider the strain distribution in the fibre under load when n 
cracks have formed in a specimen of composite of length L 
(Figure 5.6(b)). Let:
As = extension of fibre over a length between cracks of x'
= G lt (1 + 3cc/4)x' mu
As* = extension of fibre over total length 2 x 1
either side of end cracks
= £ M (1 + cc/2 ).2 x ‘ mu
In a composite of length L, therefore, the extension, e, is given 
by (for n > 0 ):
e = (n-1 ) As + As* + £ (L-f(n-l) x* + 2 x*?)mu L J
Substituting for As and As* and simplifying, the average strain,
£ , in the composite becomes: c
I
£ = £ + Emu‘ *X (3n + 1 )c mu — — ---
The simplified strain distribution of Figure 5.6(c) would yield, 
however,
£ = £ + 3n. £ “ .x*c mu mu
4L
and it can be seen that the difference between equations 5.48 and 
5.49 is small as n becomes large.
On complete unloading from the strain patterns of Figure 5.6(b) the 
residual strain pattern (at zero load) of Figure 5.6(d) results.
The average residual strain, £r, is given by:
5.45
5.46
5.47
5.48
5.49
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e = £ (n+1 )r mu . .
4L
Substituting for (e^.^.x '/4L) from equation 5.48;
e = [e - e ].(n+l) r L p muJ
(3n+l)
where £ , the strain from which unloading begins, replaces £ , p c
Figure 5.7, based on equation 5.51, shows how the lower bound to 
the residual strain given by equation 5.43 is approached (from the 
upper bound of equation 5.42 when n = 1) as n increases.
5.5.3. Unloading and reloading moduli on unloading from within 
' multiple ■' cracking ' region ■
At a stress, cr , on unloading, the cracked length, 2ns, has aUC
modulus of Euc given by equation 5.32 and the uncracked length, 
(L-2ns), a modulus of E . The 'overall' modulus of the composite 
specimen, E^, at stress auc is given by:
Eu - Ec-Euc l 2ns * (L-2ns)i
2ns.E + (L-2ns) Ec uc
E .E c uc
E + (E -E ) uc L c uc
in which 2ns/L is obtained from equation 5.38.
Similarly, the modulus, E^, on reloading to a stress, is
E = E .E,1 c lc
E + (E -E- ) lc L c lc
in which E^c is given by equation 5.35
5.50
5.51
5.52
5.53
V
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Residual strain 
at zero load, e
FIGURE 5.7 Effect of number of cracks on lower bound to residual
" strain/unloading strain relationship.
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5.6. RESIDUAL STRAINS AT ZERO LOAD'
Equations 5.42 and 5.43 given the bounds to the residual strains at
zero load when unloading from a strain, e , within the multipleP
cracking region, i.e. Ep < £mc„
Once loaded beyond this region, then equations 5.24 and 5.29 apply
directly for any unloading strain. At zero load Act = 0 , the stressc c
from which unloading began. If, therefore,
2a E
° r  ^  m c
Em
then equation 5.24 applies, otherwise equation 5.29 is used. The
strain, £ , at the start of unloading can be related to o by p c J
equation 5.4. Note that, at zero load, equation 5.29 yields:
£ = arr/m 5.54
r
i.e. a maximum residual strain is reached once G = 2g E /E .c m o m
Figure 5.8 shows the complete theoretical relationship between £ ,
the residual strain at zero load, and £ , the composite strain fromP
which unloading began. Upper and lower bounds (corresponding to 
crack spacings ^  2 x' and x* respectively) have been drawn for two 
values of ^ (realistic for a polypropylene-reinforced composite) and 
assuming £mu = 0.03%. Figure 5.8 emphasises two important points
already noted:
(i) When unloaded from within the multiple cracking region, is 
independent of * i.e. independent of fibre type or volume fraction,
(ii) that there is a theoretical maximum residual strain dependent
upon * (and £ ) as Aveston et al have noted.^ mu
(5 1)
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FIGURE 5.0 Theoretical variation of e , residual strain at  —  r
zero load, with strain from which unloading 
began,for two values of a and for x 1 and 2 x* crack
spacings,
124
5.7. MODULUS ON RELOADING FROM ZERO LOAD
The behaviour of a composite specimen on reloading from zero load 
will now be considered in more detail. On initial reloading, the 
cracked composite will always be, theoretically, as stiff as the 
uncracked composite. This is apparent from equation 5.35 with 
Ag, = 0 , (and the same applies to the modulus on initial unloading).JL C
As the stress increases, then as equation 5.35 indicates, the tangent
modulus of the composite specimen decreases. It is sensible,
therefore, to select an intermediate stress level above zero to show
the changing stiffness of the composite as the unloading strain, ep,
increases. In Figure 5.9, the variation in tangent composite 1
2modulus, E^, at a stress of 4 MN/m is plotted against values of
residual strain, e , from which reloading began. In Figure 5.10,
2E, at 4 MN/m has been related to the strain, £ , from which unloading 1 P
_ 2 began. The value of 4 MN/m is about half the initial cracking stress
for many practical cement composites and might be a reasonable
maximum design stress.
Figures 5.9 and 5.10 have been drawn using equation -5.53 (when
< :emc-* and equation 5.35 (when £p > £mc) and assuming the following 
reasonable properties for a polypropylene-reinforced composite:
e = 0.03% , E = 3 4  GN/m2 mu 5 m
Ef = 3  GN/m2, Vf = 6%
The curves for crack spacings of x* and 2x* represent the lower and
upper bounds respectively to the theoretical relationship. Figure
25.10 shows clearly that the reloading modulus at 4 MN/m falls very
steeply as ep increases, but reaches a limiting minimum value once
£ > £ . p me
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FIGURE 5.9 Reloading modulus at 4MN/m2, E^  vs residual
strain, for polypropylene-reinforced cement.
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The sensitivity of the curves to changes in material properties 
can be examined by considering expressions for E^ at a stress 
cr^ c for a particular crack spacing of, say, 2 x*. When unloading 
from £p 4 £mc equation 5.53 can be developed to give;
E
E 1 1 + «(e -ep mu lc
E e 2V (l+«) m mu m
For practical polyolefin composites and other composites where
°c »  if . . . si i, therefore;
1 +
E
E. = •=-----, 5.55
1 1 + (£ -£ )G,p mu lc
E £ 2 Vm mu m
When Ep > emc* equation 5.35. gives E^ directly for a crack 
spacing of 2 x :
E
E
2E V £ (1 +oc)m m mu
If + 1 » 1, then:
E
Ei = -7T--- r- 5.56(1 + cr^  ]
2 ETv„e f f mu
•With reference to Figure 5.10, equation 5.55 relates to the falling 
part of the curve and equation 5.56 to the value of the lower limiting 
bound . \/^  lies in the range 0.90 - 0.97 for most practical polyolefin 
composites and Ec is dominated by the value for E^, so E^ is therefore
(i) for £p relatively insensitive to changes in volume
composition of the composite and in E^, but sensitive to changes in
E and £ m mu
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(ii) for e >  e , sensitive to changes in volume composition of p me °
the composite and in E„, E and £f m mu
The sensitivity of a part of the 2x* crack spacing curve of Figure
5.10 to changes in £m(J and E^ is shown in Figure 5.11 and to changes
in E_p and Vp to Figure 5.12,
5.8. EFFECT OF INELASTIC FIBRE BEHAVIOUR ON THE COMPOSITE TENSILE 
STRESS-STRAIN CURVE
It was found in Section 4.3 that the stress-strain relationships of 
polymer fibres, at strain rates of the same order as those normally 
used in tests on the composite, were not linearly elastic to failure.
A more realistic fibre stress-strain model was proposed, reproduced 
here as Figure 5.13, in which the loading 'curve' is bilinear and a 
linear unloading path results in residual strains at zero load, 
which may reduce with time. The model differs slightly for poly­
propylene and polyethylene films, in that the former is assumed truly 
elastic on the first linear loading path to strain E .
The following discussion considers in detail the effect of such a 
fibre stress-strain model upon:
(i) the composite tensile stress-strain curve on initial loading.
(ii) the residual strains exhibited by the composite at zero load 
after unloading.
5.8.1. Initial Loading Stage
For the polymer fibres under discussion, the strain £g in Figure 5.13
will be considerably greater than the matrix failure strain, £mU-
The composite modulus before cracking, E , will, therefore, be determinedQ
modulus at 4MN/m2.
FIGURE 5.12 Effect of fibre parameters on E t reloading modulus 
at 4GN/m2. * 1
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stress
a
FIGURE 5.13 Fibre stress-strain model
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by the initial fibre modulus E_n.
T  1
For the cracked behaviour, consider firstly that cracks develop at a
spacing 2x', where x' is the minimum crack spacing. Figure 5.14
shows the stress and strain distributions in fibre and matrix
between two cracks spaced 2x' apart. The stress in the composite
is that at which multiple cracking occurs, i.e. E . z Thec mu
following assumptions are made:
Ci) a linear frictional stress transfer takes place between fibre 
and matrix. The stress distribution is the same, therefore, as 
that in Figure 5.1 for the linearly elastic fibre;
(ii) the fibre strain at the crack, £^, exceeds £g . (If not then
the equations derived earlier apply with E^ , = Efi^*
The fibre stress at the crack is given by:
af " Efl,£a + Ef2 ‘(£f " ea)
where E ^  and E^ 2 are defined in Figure 5.13. Equating loads at
the crack and midway between the cracks yields:
(Ej;-,.V„. + E V )e e t l - E )f 1 f m m mu a f 1cr =   + ------f E .V Ef2 f f 2
Let E_n/E „7 = M (generally M >  1) and E V /E-^V,, =fl fZ J m m f2 f 2
= (M + « ).e —  z (M-l)f 2 mu a
The average fibre strain, which equals the composite strain, Z^ , is 
given by:
(e + e ) x. + (e + e J v 7  z ~ mu a l  a f x 2
°   ^ ----------------------
5.57
5.58
5.53
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(b) Strain distribution.
FIGURE 5.14 Inelastic fibre: stress and strain distributions 
in fibre and matrix; crack spacing 2 x*
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0 £ .x., + £-.x0a + mu 1 f 2
£c " 2 2 Cx1 + x2)
Suppose q = stress build up In fibre per unit length of fibre, then:
c>'xl = Efl tea ' emu)
q.x2 - Ef 2  tef - ea)
which, on substitution into equation 5.60, yields:
ffi. ♦ emu-tEa ~ £mu)Efl * Ef [Ef ~ Ea 1Ef2 
c 2 ? ^ Ef F ea ” Emu'+Ef2^Ef ~ ea1^
where £„ is obtained from equation 5.59.T
There is little point at this stage in developing equation 5.62 by 
direct substitution for e^ ,.
When the composite is broken down fully into cracks of length 2x1,
the average fibre strain represents the strain at the end of multiple
cracking, £mc. Note that, in the above expressions, if Efl ■ Ef2 *
then equation 5.62 reduces to £ = £ = £ ii(l+oc/2) as expected.^ c me mu
Oust beyond the completion of multiple cracking, the slope of the
in which x^ and x2 are defined in Figure 5.14 i.e.
stress-strain curve, E X ,  as the fibre alone sustains increasingT T
load, is given by:
^Ef 1*Ef 2 + xYjYp-
E„V
f f XlEf2 + X2Efl
which reduces to:
f 2 f 2 m u
t (E,~£ )f mu
,61a
.61b
.62
.60
5.63
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As the composite stress level gradually increases, x2 x and
where e^ , is obtained from equation 5.59.
1
x.^ h- o and E^V^ -* E^V^. The complete modified tensile stress-strain 
curve is shown in Figure 5.15.
Crack spacing x'
With reference to Figure 5.14, as a further crack forms midway 
between the existing two cracks, the stress and strain distributions 
in fibre and matrix of Figure 5.16 arise, in which two possible 
cases are shown:
(a) x '/2 <  x^ when:
efB ’ emu + ilL2 (ea - 
X 1
The average fibre strain, equal to the composite strain, e , is given
by:
e = ea + Eb* X 1 ' * £f ’X 2
C 2 I.x
where x^ 1 = x^ - x'/2 (Figure 5.16)
(b) x '/2 > x^ when
£ x /„ - x, (e. - £ ) £ _ = a + 2 I f  af s — --------
X2
The composite strain is given by:
£ = fs fc ----■=---
Use of equations 5.64-5.67, coupled with equations 5.59 and 5.61 for
£- and xn and x9 allows £ to be calculated for a crack spacing of t j. ^ me
x-1(or 1.364 x'jin a similar fashion to the 2x* case.
5.64
5.65
5.66
5.67
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stress
FIGURE ,5.15 Effect of bilinear fibre stress-strain behaviour 
upon shape of composite stress-strain curve.
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(a) Stress distribution
(b) Strain distribution x*/2<x.
fs
e /2 mu
'f s
£ / 2  mu
(c) Strain distribution x'/2 > x
FIGURE 5.16 Inelastic fibre behaviour: stress and strain distribution 
in fibre and matrix; crack spacing x 1.
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on the strain at the completion of multiple cracking, £mC, is
considered as a function of * 2 "P037 'the 2 x l crack spacing case.
With reference tc Figure 5.13, the relationships in Figure 5.17 have
been drawn assuming * M = 2, and also that e = D.03,%. Thefl f2 mu
effect of varying £ ,the strain at which E„., changes to E„0, has been0 T1 T^
E *Vconsidered for different values of *o [ = m m ) .  Since M = 2,
Ef2Vf
“ 2 = 2“l
E V
, m mwhere « = •=— ~
tfl f
In Figure 5.17, the effect of a bilinear fibre stress-strain curve
Obviously, there are two bounds to the relationship. The upper bound,
approached as e approaches zero, is that for a linear elastic fibrea
with E^ = Ep2; lower bound, approached for all values of as £q
approaches infinity, is that for a linear elastic fibre with E_p = E ^. 
The relationship is only dependent upon £ when the fibre strain at 
the crack, exceeds £q . From equation 5.59, this will be so when:
. . £  . CM + « ~ )£ < mu 2a — M
In Figure 5.18, the effect of a bilinear fibre stress-strain curve 
upon the initial post-crack slope (E^Vp in^  3 is shown. As the 
composite strain increases beyond that at the end of multiple cracking,
E^Vp/E^Vp will approach unity.
5.8.2. Residual strains at zero load.
The object of this section is to develop a basis for comparing the 
theoretical residual strains at zero load assuming linear elastic 
fibre behaviour with the residual strains at zero load assuming the 
fibre stress-strain relationship of Figure 5.13.
.68
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FIGURE 5.17 Effect of bilinear fibre behaviour on the strain at 
the end of multiple cracking, e
f= /p: - o ~ _ n noq,
FIGURE 5.18 Effect of bilinear fibre behaviour on the initial post­
crack slope,E37 init.T T
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Firstly, consider the length of composite between cracks a distance
2x* apart, which was shown in Figure 5.14. On unloading to zero
load, the stress distributions in fibre and matrix of Figure 5.19(a)
result. The corresponding strain distributions, of similar shape
(5 1)for an elastic fibre,derived by Aveston et al, ' have been
discussed in section 3.6.2. Alternatively, the stress distributions
at zero load follow from the analysis in section 5.3. For example,
with reference to equation 5.21, for the 2x* crack spacing, since
G = G = E E (equation 5.5), and Ag = E . e , then a/s = 5 ,m mu m mu H c c mu
hence Figure 5,2 must reduce to the stress distribution shown in 
Figure 5.19(a).
The strain distributions in fibre and matrix at zero load are also
shown in Figure 5.19(a). Note that for the inelastic fibre, the
residual strain at some position Z, £r ,^(Z), is not equal to Gr^(Z)/E^
where c^CZ) is the residual fibre stress at position Z. If the
initial fibre stress at position Z is G_p(Z), and the corresponding
fibre strain, derived from the idealised stress-strain relationship,
is £ n(Z), then £ „(Z) is obtained from: f rf
erf(Z) = ef CZ) ~{afCZ) - arfCZ)J 5.69
where E a function of the fibre strain £-, is the value appropriate uf +
to £f = £_p(Z).
The composite residual strain at zero load, e^, can be derived from:
Z=x'i  re = I £ JZ). dZ 5.70r x J rf
Z=0
This residual strain is obtained on unloading from a composite strain 
£ , given by:
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mu
Loaded State (above)
Unloaded State
FIGURE 5.19(a) Stress/strain distributions - 2x’ crack spacing.
STRAINS
mu
Loaded State
e / 2  mu
Unloaded State
FIGURE 5.19(b) Stress/strain distributions - crack spacing x [«
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J' ef (Z) dZ. 5.71
Z=0
Algebraically, the derivations are unwieldy and the relationships are 
best obtained numerically, using a simple computer program.
A similar procedure may be used to calculate the residual strains 
when the cracks are separated by a distance x*. The stress and strain 
distributions in fibre and matrix corresponding to this case are shown 
in Figure 5.19(b).
The initial stress distributions of Figure 5.19 have been appropriate
for the stage when the composite is cracking at constant stress
Ec”emu° In P° 3 "^cracking region, different initial (and residual)
stress distributions will apply. It has been established that, for
the elastic fibre case, there are, theoretically, limiting residual
strains which are reached. The corresponding limiting stress
distributions (which have not, to now, been considered directly) are
I ishown in Figure 5.20 for the 2x and x" crack spacing cases. During
unloading, a stage has been reached where no further stress transfer
to the matrix has been possible (as the fibre has slipped back through
it) and the composite has unloaded further by an elastic reduction in
fibre stress throughout its length. Since, for the x* case, the
residual stress distribution is the same as that shown in Figure 5.19(b),
it can be deduced that increasing the stress above the multiple cracking
value E e has no effect upon residual stress distribution, and thus, c mu
for an elastic fibre, the maximum limiting residual strain is reached
when unloading commences from e , the strain at the end of the multipleme
cracking region. This is confirmed by reference to Figure 5.8.
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(a) 2 x* crack spacing
(b) xj crack spacing
FIGURE 5o20 Residual stress and strain distributions at zero load
on unloading from high strains; inelastic fibre behaviour,.
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For the 2x* crack spacing case, the limiting stress distribution 
is reached when the composite stress is equal to or greater than a 
value given by 2Ec.£mu, which may be deduced from equation 5.25.
The residual strain distributions corresponding to these residual 
stresses are also shown in Figure 5.20, and a numerical procedure 
similar to that discussed above may be used to relate residual 
composite strains to strains from which unloading began. Without 
recourse at this stage to numerical results, it will be appreciated 
that, since fibre residual strains increase with increasing unloading 
strains, there will be no upper bound to values of composite residual 
strains. These will increase as the strain.from which unloading 
began increases, despite the fact that~a limiting residual stress 
distribution will still result.
5.8 .2.1. Recovery at zero load
In the model of Figure 5,13,on unloading the fibre recovers at zero
load following an immediate elastic recovery. The analysis in the
previous section may be used directly to assess composite recovery if
it is assumed that the fibre unloading modulus is reduced to an
ieffective modulus, £ ^ , to account for recovery at zero load, as 
shown in Figure 5.21.
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FIGURE 5,21 Effective unloading modulus, Euf =
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5.8.3. Reloading modulus
The effect of a more sophisticated analysis, assuming inelastic 
fibre behaviour, upon the theoretical results obtained for the 
reloading modulus assuming linear elastic fibre behaviour will be 
limited for two reasons.
(i) It has been shown in section 5.7 that the falling part of the 
reloading modulus - unloading strain relationship is not very 
sensitive to changes in fibre modulus. The lower limiting value of 
reloading modulus is sensitive, however, to fibre modulus, and, for 
an inelastic fibre, will depend upon the changing fibre modulus.
(ii) The stress distributions in matrix and fibre at the commencement 
of reloading have been taken to be the same for the elastic and 
inelastic fibre cases in considering residual strains at zero load.
The reloading path will be controlled by increments in the matrix 
stress and fibre stress and corresponding strain increments. The 
initial residual strain values in the fibre or matrix are, theoretically, 
not important upon reloading.
The theoretical predictions of reloading modulus developed assuming a 
linear elastic fibre will, therefore, be used in subsequent comparisons 
with experimental data.
5.8.4. Theoretical results for polypropylene and polyethylene 
reinforced cement composites
The effect of non-linear fibre behaviour upon residual strains in the 
composite will now be illustrated by considering two typical cement 
composites reinforced with polypropylene and high modulus polyethylene 
film. In calculating the theoretical relationships, us;e has been made 
of simple computer programs based on the analysis in section 5.8,2.
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The following typical cement composite, reinforced by a polypropylene 
film, having the idealised stress-strain relationship for Bar 112 film 
of section 4.3.3.2, is considered:
Vx = 6%, 12%f
e = 0.03%mu
E = .34 GN/m2m
and for the film:
E 2 = 8.9 GN/m2
Ef 2 =' 4.3 GN/m2
£ = 0.75%a
for t£ ) film < £ : E = Ep a uf fl
for (e ) film > £ : E = 10.79 - 2.68 £ + 0.375 £ 2.p a uf p p
Figure 5.22 compares the theoretical strain, £r v. unloading strain, £ , 
relationship for the composite, with the crack spacing x 1 and 2 x* 
yielding bounds to the relationship. The relationship assuming a 
linear elastic fibre is also shown on Figure 5.22, for two values of 
fibre modulus : Ci) E^ , = E_p^  and (ii) E_p = E^2<
The non-linear fibre relationship lies close to the linear fihre 
relationship (for E^ . = E^2) at low strains (less than about 2.5%), 
but whereas in the latter relationship, a maximum residual strain is 
eventually reached, for the non-linear fibre, residual strains increase 
continually with unloading strain. High composite strains imply high 
fibre strains, particularly near cracks, and, hence, (as Figure 4.18 
indicates) high residual strains in the fibre at zero load.
5.8.4.1. Polypropylene-reinforced cement.
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— — — —  linear fibre E„ = Ef f 2
— ™  - - p-   . linear fibre E„ = E r„f f 1
   — - —  —  non-linear fibre behaviour
FIGURE 5.22 Polypropylene-reinforced cement: Theoretical relationships 
for residual strain, e^, vs unloading strain, e „
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It has been established that, for unloading strains before the end 
of multiple cracking, the linear elastic fibre theory yields 
residual strains in the composite given by:
2x' crack spacing: e = 0.5 (e - e )r* p mu
x* crack spacing: £ = 0.33 (e - e ,,)H & r p mu
At low strains, non-linear fibre theory yields, approximately:
2x1: . e = 0.51 (e - e ) )p mu  ^ 2 ^ 2 2
x’ : £ = 0.37 (£ - £ ) )r p mu
In Figure 5.23, theoretical residual strains in the composite are 
shown assuming that the fibre can recover at zero load. For Bar 112 
fibre, recovery, particularly at lower strains, was almost complete, 
so for illustrative purposes, Figure 5.23 has been derived using an 
effective unloading modulus (Figure 5.21) which yields zero fibre 
residual strains at zero load.
At low strains, this, reduces the Ef v. £^ relationship to, approximately:
2x’: £ = 0.44 (£ - £ ) )r p mu ) 5 o 7 3
x 1 : e = 0.28 (£ - £ ,,) )r p mu
i.e. bounds lower than the elastic fibre case. In practice, the bounds 
are likely to lie somewhere between those of equations 5.72 and 5.73.
The influence of fibre volume on the relationship between residual and 
unloading strain is indicated in Figure 5.24, where fibre volume 
fractions of B and 1 2 % are considered for an assumed crack spacing of
2x^. The higher fibre volume reduces fibre stresses and strains, at
cracks [and elsewhere), which in turn leads to lower residual fibre
strains. It should be noted that composite residual strains on
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linear fibre E„ = E 00 f f 2
non-linear fibre 
non-linear fibre with
FIGURE 5,23 Polypropylene-reinforced cement. Theoretical relationships 
for residual strain, e , vs unloading strain, e .
(Recovery included) P
FIGURE 5.24 Effect of fibre volume on residual strains (2x* crack spacing 
assumed).
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unloading from within the multiple cracking region remain 
independent of fibre volume fraction, although the extent of 
the multiple cracking region is, of course, dependent upon 
fibre fraction.
5.8 .4.2. Polyethylene-reinforced cement
The following typical cement composite, reinforced with high 
modulus polyethylene film having the idealised stress-strain 
relationship' for E3H film of section 4.3.3.2, is considered:
Vf - 6%
8 = 0.03%mu
E = 3 4  GN/m2 m
and for the film:
Efl = 26.7 GN/m2
E = 13.2 GN/m2
e = 0.55%a
E = 40.12 - 8.83 £ + 1.O0E 2u p p
Figure 5.25 compares the composite er v ep relationship for the 
composite assuming non-linear fibre behaviour with that assuming 
linear fibre behaviour. The higher residual fibre strains of the 
polyethylene film (compared to polypropylene) result in composite 
residual strains which are a higher proportion of the unloading 
strain. For example, at low strains, the following bounds to the 
£^ v £p relationship apply, approximately:
2 x S  e « 0 . 6 6  (£ - £ ) )r p mu ^
x1 : G = 0.51 (£ - £ 1 )r p mu
To account for the recovery at zero load, it has been assumed that
5.74
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FIGURE 5.25 High modulus polyethylene reinforced cement. Theoretical 
relationships for residual strain, e , vs unloading 
strain, e . r
FIGURE 5.26 High modulus polyethylene-reinforced cement.
Theoretical residual strains after recovery.
151
the residual strain of the fibre after recovery is 18% of the 
unloading strain (as suggested in Figure 4.16). Theoretical 
residual strains in the composite after recovery has taken 
place are plotted in Figure 5.28 against the unloading strain, 
and comparison can be drawn with the no-recovery case.
5.9. ENERGY ABSORPTION IN CYCLIC LOADING
The theoretical relationships developed in sections 5.3 and 5.4 
for a linear elastic fibre yield an unloading/reloading cycle 
illustrated in Figure 5.27, in which unloading from the end of 
the multiple cracking region, for a crack spacing of 2 x', has 
been considered. The area of the hysteresis loop represents the 
energy absorbed per unit volume of composite in overcoming the 
interfacial shear stress, t, as matrix and fibre move relative 
to each other. The energy absorption is due, in equal measure, 
to the energy absorbed by friction during unloading (path AB) 
and th.e energy absorbed during reloading Cpath BA).
This can be seen by considering various energy states in loading, 
unloading and reloading a composite specimen, as shown in Figure 
5.28(a) - (d). It is convenient to consider the case on unloading 
from the end of multiple cracking, but the principles may be 
generalised for any other position of unloading on the stress-strain 
curve. Let the various energy-absorbing mechanisms be represented 
as follows:
LL = elastic strain energy of fibresT
U = elastic strain energy of matrix m
U = energy absorbed in forming crack surfaces
Us = energy absorbed in overcoming interfacial shear stress
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stress
FIGURE 5,27 Hysteresis effect in cyclic loading.
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✓
FIGURE 5.28- Energy absorbed during loading/unloading/reloading.
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In Figure 5.28(a), if is the energy absorbed up to the completion 
of multiple cracking, then:
ii = ii +L) + U + U  5.75U1 fA MA Uif SC-A
where U^, are strain energies at position A and ^c-/\ *'*1S 
energy absorbed by friction in path C-A.
In Figure 5.28(b), the composite has been unloaded to zero load. At 
this state, the energy absorbed by the composite, U2 ,is given by:
U2 = - (recovered strain energy from fibres and matrix)
+ (frictional losses path AB)
U1 (UfA UfB'1 ~ CUMA " UnB^ + USA-B 5 °76
In Figure 5.28(c), upon reloading to the original state A, an extra 
energy input, Ug, is required, given by:
U3 = tUfA ~ ^ B 3 + fUMA ~ UMB^ + USB-A 5 , 7 7
Since the same shear stress, T, operates on unloading and reloading,
USA-B = USB-A"
In Figure 5.28(d), the net energy, U^, absorbed in the unloading/ 
reloading path is represented by the hysteresis loop:
UH ■ U3 - (U1 - U2> 5-7B
which yields:
UH = 2 ,USB-A = 2 USA-B 5 "79
It will be appreciated from Figure 5.28(c) that the energy absorption, 
or toughness, of a cement composite at a given strain may be substantially
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reduced by a previous loading history.
The area of the hysteresis loop may be determined from a theoretical 
basis in two ways:
(i) by calculating the area of the loop from a knowledge of the 
shape of the unloading and reloading curves, as given in sections 
5.3 and 5.4;
(ii) by considering the frictional energy absorption process as 
the composite unloads and reloads and evaluating the work done by 
the shear stress, x, as matrix and fibre move relative to each
other. In both methods, it is assumed that the fibre is linearly elastic.
5.9.1. Energy absorption by consideration of stress-strain relationships
The theoretical hysteresis loop on unloading from the end of multiple 
cracking is shown in Figure 5.29 for a crack spacing of 2x''. Equation
5.24 gives the unloading stress-strain relationship:
ec e 5.80
Since 0 = 0  = E .e for 2x crack spacing,m mu m mu i-
With reference to Figure 5.29, let:
£ e xc uc
Act yc
The hatched area of the hysteresis loop, U^, which represents the 
energy absorbed per unit volume of composite, is given by:
) dy 5.81
o c mu
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stress
FIGURE 5.29 Evaluation of Hysteresis Loop Area,
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where xM = £ - 0.5 (e - £ )u me me mu
= £ (1 + a/4)mu
y = E . £ u c mu
Equation 5.81 can be developed to give, for a crack spacing of 2xS
2cc
CUu) . = c mu 5.82
H 2x  12----
By a similar procedure, the energy absorbed per unit volume of
composite on unloading from the end of multiple cracking can be
icalculated for the average crack spacing of 1.364x as:
E 2
tUH,1.3B4xl ’ 5 -B 3
Equation 5.83 will be used to compare theoretical and experimental 
results.
The energy absorbed in a hysteresis loop, U|_j, decreases as the unloading strain
reduces below £mc and' the relationship between ll|_| and the unloading strain,
£ , is linear between values of Uu = 0 at e= £ ,, and 11, equal to p H mu H ^
values given by equations 5.82 or 5.83 at £ = £mc» On unloading from 
strains greater than that at the end of multiple cracking, the energy 
absorbed will increase as relative displacements between fibre and 
matrix increase.
5.9.2. Energy absorption by consideration of work done by shear stress T.
The approach adopted in this section is similar to that used by Aveston 
et al in deriving energy absorptions during cracking for the determination
r 5.13of enhanced matrix cracking strain (section 3.1.2.).
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Consider the strain distributions in fibre and matrix between cracks 
spaced 2 x* apart in a composite loaded to a stress Ec »emu (i.e. 
during the multiple cracking process) as shown in Figure 5.30(a).
The strain distributions at zero load are shown in Figure 5.30(b).
In Figure 5.30(a), at a distance x from the centre line between 
cracks, the relative displacement, Av(x), between fibre and matrix 
is given by:
x
r
A r 1 I d xAv(x) I f m
o
where efCx) - emu ♦ /p *.emu
, ' X
e  (x) = £ - r £m mu I mu
Substituting for £^(x), Gm (x) 5.81 yields:
2 2 
a f \ r  aX X ■)Av(x) = £ f  r + — , I
mU L 2 x 2 x J
In Figure 5.30(b), the unloaded case, the strain distributions are 
discontinuous between x = 0 and x = x' i.e:
o < x « x 1 / 2 EjjCx) = x/x1 .a£milf mu
£ (x) « - x / x J .em mu
x '/2 < x C x' £,(x) = «e (1 - x/x')T mu
£ (X) = - £ (1 - x/x')m mu
Therefore, for x < x'/2, relative displacement between matrix and 
fibre at x, Avu(x)9is given by:
.84
5.85
(a) Loaded State
(b3 Unloaded State
FIGURE 5.30 Strain distributions in fibre and matrix.
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< x <  x'/2 Av (x) = j e J x )  - £ (x)dx^ it m
x
O
i.e. Av (x) = e M (x2/2xl‘. * + x2/2x* J 5.86u mu
at x = x',/2
a  ^ 1 /o^  _ Gmu. x (1 +«)Av, (x /2J =  n------u o
for x > x /2
< e 1 1
Avu(x) = em u J «  (x-x2 /2 x ‘) + Cx - x2 /2 x ‘) - - ^ ,X ’ (a + 1)J 5.87
In changing from the loaded to the unloaded state, the relative dis­
placement, Ay Cx), at x between the two states is given by, from 
equation 5.85, 5.88 and 5.87:
o ^ x < x 172
A\/ - e $ x2 - 2L.
r mU^ 2 x ‘ 2 x 1 2 x 1 2x *
= 0
i
as would be expected since the composite has unloaded ’elastically1 in 
this region with no relative slippage between fibre and matrix.
x'/2 x < x*
AV (x) = 0 + £ + —  r " x (1 +°0 + x*(* + 1) ? 5.88mu I x l x.l  4-J
The work done by one fibre of perimeter, Pf, is given by 
x r
w = T ■ P „ AY Cx) dx 5.89
f x / 2 r
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_ T . P j j . G  x ' .  O  + 1 )  , _  __w = f mu_____________ 5.90
24
which yields, after substitution of equation 5.68 and integrating:
In unit volume of composite, there are N fibres, where l\! « V„/A„, A PT T t
being the cross sectional area of one fibre. The work done against 
friction per unit volume of composite, W, is, therefore, given by:
w w VW = —•) . N “ ( _f
x . x Af
11 T * P x  ' (“ + 1) V_ _ __i.e. W = f m u  . f  5.91
24 Af
now from equation 3.3:
X 1 - V m  . a m U . A f
Vf t Pf
and substituting for x in equation 5.91 gives;
.. V .  G («? + 1 ) £W = m mu mu
24 '
' E V. C«. +. 1)e . 2or W = m m ........mu
24
Ec ’emu a 5.92
24
The energy absorbed in friction on unloading and reloading is twice 
this value. Therefore by this approach, the area of the hysteresis loop 
is given by:
2E F <xc mu 5.93
U M "  1 2
as equation 5.82.
It will be noted that, although the energy absorbed is due to the action
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of the frictional stress, T, at the fibre/matrix interface, the 
magnitude of the energy absorption is independent of t , which could 
be rather surprising if the principles are not properly understood. 
Indeed, for cement composites for which Ec and em(j are approximately 
equal, the energy absorbed in hysteresis on unloading from a given 
strain is largely independent of fibre volume or fibre modulus.
This is apparent from the following comparison of a polypropylene 
and glass-reinforced cement:
Polypropylene Glass
E = 3D GN/m2 m E = 30 GN/m2 m
E„ = 4.3 GN/m2
T
Ep = 70 GN/m2 f
V = 0.94 m V = 0.99 m
Vf = 0.06 Vf = 0.01
E =20.5 GN/m2 c E =30.4 GN/m2 c
cc = 109.3 cc = 42.4
e = 1.67% me 0 = 0 .6 6 6 % me
from equation 5.94 from equation 5.94
Uu = 0.023 N-mm/mm n
(on unloading from 1.67%)
Uu = 0.0096 N-mm/mm ti
(on unloading from 0.660%)
If the energy absorbed is compared on unloading from the same value 
of unloading strain, say 0 .6 6 6 %, then for polypropylene:
energy absorbed $0,666 - 0.03$ 0.023 1.67-0.03
3
= 0.009 N-mm/mm
a value close to that for the glass-reinforced cement on unloading 
from the same strain.
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Assuming a linear elastic fibre and a frictional shear stress between 
fibre and matrix:
5.10 CONCLUSIONS
1. On unloading from within the multiple cracking region (e < £'mc'1, 
residual strains at zero load, e , are theoretically independent of 
fibre modulus and fibre volume content. It has been shown that:
0 . 5  Ce  e , ) > e >  0 . 3 3  Ce  - ep mu ^ r ^ p mu
where ep is the strain from which unloading commences.
2. On unloading from within the multiple cracking region (e < e^), 
the reloading modulus of the composite at an intermediate stress is 
relatively insensitive to changes in fibre modulus and fibre volume 
content.
3. The energy absorbed in a hysteresis loop on unloading and reloading
from a strain within the multiple cracking region (£ <: £ ) is0 0  p me
independent of the frictional shear stress acting and is relatively 
insensitive to fibre volume content and fibre modulus.
If account is taken of the inelastic behaviour of polyolefin fibres:
4. The bounds in paragraph 1 above are not. greatly affected for 
polypropylene fibre reinforcement. However, for high modulus 
polyethylene fibre reinforcement, the bounds to the residual strain 
are increased such that, approximately:
0.66 (e - £ ) » E >> 0.51 ( £ - £ , )p mu r p mu
5. The residual strain at zero load of the composites increases 
without limit as the unloading strain increases. Theoretically,
assuming linear elastic fibre behaviour, at some unloading strain 
a maximum limiting residual strain is reached which is not exceeded 
for higher unloading strains.
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COMPOSITE MANUFACTURE AND TEST PROCEDURES
6.1. COMPOSITE MANUFACTURE
6.1.1. Polypropylene-reinforced Cement
The matrix used in the manufacture of the test specimens has already 
been described in Section 3.2.
The composites were made in the form of sheets measuring approximately 
600 mm. long (parallel to the fibre alignment), 400 mm wide and 4-7 mm 
thick. The process of manufacture was as follows:-
(i) 600 mm lengths of fibrillated polypropylene were cut from 
the reel of film. The film was 100 mm wide in the unopened 
state. Each length was to become a reinforcement layer in the 
composite sheet.
(ii) A release layer of polythene sheet was placed on a smooth, 
flat board which acted as a base. Parallel rows of nails were 
positioned 400 mm apart.
(iii) At least two, but not more than four, layers of film 
were opened to 400 mm width by hooking the film edges over the 
nails. The layers were laid flat against the polythene sheet 
(Figure 6.1(a)).
(iv) A layer of matrix was then worked, by hand, into the 
opened film networks until the networks were fully impregnated 
by the matrix.
CHAPTER 6
(v) Up to four layers of film were then placed on top followed 
by more matrix which was, again, worked into the networks.
(vi) The procedure was repeated until a sufficient number of 
layers and the required composite thickness had been built-up 
(Figure 6 .1(b)). The top surface was carefully finished by 
hand or with a hand-held float.
(vii) The nails were removed and the edges Df the sheet were 
trimmed by scissors or sharp knife.
Cviii) The sheet was protected from drying by covering with 
polythene sheet overnight.
(ix) The sheet was cured under water at 20°C until required 
for testing at about 28 days after manufacture.
During the curing period, the sheet was cut (using a 'Tyslide' saw with 
a diamond-paste edged blade 1.5 mm thick) into, approximately, 300 mm 
long x 25 mm wide specimens for tension testing, or if flexural test 
coupons were required, into 150 mm long x 50 mm wide specimens. Prior 
to testing, the width and thickness of each specimen were measured at 
three positions to accuracies of 0 . 1 and 0 . 0 1  mm respectively.
By this process of manufacture, it was possible to obtain a reasonably 
uniform distribution of fibres throughout the thickness of the specimen 
(see Section 6.3 following), although matrix-rich surface layers were 
difficult to eliminate completely. It was more difficult to obtain a 
uniform fibre volume fraction, particularly across the width of the sheet, 
due to thickness variations and to variations in the evenness of film 
opening. There was a tendency to produce higher film volume fractions 
towards the edge of a sheet. This is not' a major problem since the 
volume fractions of individual test specimens were measured, rather
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(t>) w o r k i n g  m a t r i x  i n to  ne t wo r k s
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Five ’trial' sheets were made to gain experience of the manufacturing 
techniques. Specimens from these sheets were used for preliminary 
testing not reported in this thesis,
6.1.2. Polyethylene--reinforced Cement
The principles of specimen manufacture were the same as for poly­
propylene-reinforced cement. The differences of detail arise because 
the polyethylene film was supplied in 25 mm film widths [opened width 
100 mm) so sheets measured 700 mm long x 100 mm wide, enabling three 
sets of two 300 mm long specimens, laid end to end, to be cut from 
the sheet.
One sheet of polyethylene-reinforced cement was made with the film 
reinforcement concentrated in top and bottom surface layers, each 
approximately 1.5 mm thick. The central core consisted of matrix 
only. The superplasticizer content of the matrix was reduced to 
0.013 kg per 1 kg of cement, resulting in a stiffer matrix mix which 
allowed the central.core to be placed without edge support and the 
top reinforcement layers to be laid onto the central core as a base.
6.2. DETERMINATION OF FIBRE VOLUME CONTENT
The volume content of fibres was determined using samples of composite
approximately 50 mm long by 25 mm wide, cut from the test specimens
after test, or cut from the sheet adjacent to the end of a test
specimen. The latter samples were useful if the fibre volume fraction
was required prior to testing. The sample was surface dried and.
weighed in air and in water to determine its volume, V , before being
3placed in a container with about 1 0 0 cm of a mixture of concentrated
than using an average volume fraction for the complete sheet.
hydrochloric acid diluted with an equal volume of water. After 
several days and aided by occasional agitation of the container's 
contents, the matrix had softened and could be carefully washed 
out of the film, which was then dried in an oven at 90°C and 
weighed (W^) on a balance to an accuracy of O.OOOlg. The film 
volume fraction, , is determined from:
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where p.,, the fibre specific gravity, is 0.91 for polypropylene and t
0.96 for polyethylene.
This technique is capable of producing results to within an accuracy 
of 0.015 V„ relative to a control group.
T
6.3. ASSESSMENT OF FIBRE DISTRIBUTION
The method used to assess the distribution of fibres over th.e cross
section of a specimen was based on a technique developed for glass-
(6 1 )reinforced cement specimens ' involving the illumination of thin 
sections cut from a test specimen,
A 3 mm thick section is cut from the specimen and one face (perpendicular 
to fibre orientation) is ground to a smooth finish. The section is then 
mounted on a microscope slide, smooth face to glass, to prevent damage 
and facilitate handling. In the mounting procedure, section and slide 
are heated on a hot plate to about 110°C, after which the adhesive is 
melted onto the surfaces to be joined. The.surfaces are mated 
together with gentle pressure to eliminate any air bubbles from the 
adhesive bond. The 'free* surface of the section may then be ground 
down flat and smooth until the section thickness is about 1 mm.
The thin section is then illuminated from below and photographed, the
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fibres present appearing as light dots against the opaque black 
matrix. A typical example is shown in Figure 6.2.
6.4. UNIAXIAL TENSION TESTING
An Instron 1122 machine was used for all the tests (Figure 6.3).
Strains in the test specimen were measured using a clip-on extensometer 
with a 100 mm gauge length, shown in Figure 6.4, of similar construction 
to that used at the Building Research Station for tests on glass- 
reinforced cement specimens.
The movements of pivotted knife edges resting on each face of the test 
specimen are measured by linear variable differential transformers 
(LVDTs). In early tests, amplified signals from the LVDTs on each 
side of the specimen were averaged electronically and a single load- 
strain plot obtained on an X-Y-Y chart recorder. The recorder strain 
scale was calibrated against known movements of the extensometer when 
fixed to a micrometer jig. Strains of up to 7.5% on the test specimen 
were measured in this fashion. The load scale was calibrated using 
the Insiron’s own internal reference calibration facility checked by 
dead weights. In later tests a second chart recorder was used to 
record strains up to 0.5% on each face of the test specimen. This 
set-up permitted a more accurate assessment of cyclic loading 
behaviour at low strains and of the uncracked composite modulus.
In early tests, gripping the specimens directly in the jaws of the 
Instron led to some premature failures within or close to the jaws.
The incidence of grip failures was considerably reduced by the use 
of lead strips approximately 2 mm thick and 30 mm wide placed between 
the samples and the Instron jaws.
In placing the specimen in the Instron, it was first gripped in the 
top jaws and the extensometer attached over the middle third of the
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specimen. The pins preventing movement of the knife edges of the 
extensometer were removed and the chart recorders set to zero. The 
bottom jaw was then tightened on to the specimen, and the clamping 
strains on each face were thus recorded on the 'sensitive' chart 
recorder.
The specimens were tested at a cross-head displacement rate of 
20 mm/minute, equivalent to an overall composite strain rate of 
about 7%/minute. Load cycling was achieved by reversing the direction 
of cross-head movement (by manual switching) at selected stages in the 
loading or unloading path.. The specimens for which an assessment of 
recovery at zero load was required were carefully released from the 
bottom jaw of the Instron machine. After the recovery period had 
elapsed, the bottom jaw was retightened and reloading proceeded in 
the normal manner. Load and strain calibrations were checked after 
a test series had been completed.
After testing, the crack spacing in a specimen was assessed by counting 
the number of cracks in a 100 mm gauge length marked on the specimen. 
For very close crack spacing, the gauge length used was reduced to 
50 mm. Identification of cracks could be assisted by a number of 
techniques, including microscopic examination and highlighting the 
cracks by wetting the specimen surface with water or blue ink, which 
were retained in the crack as the remainder of the. specimen surface 
dried.
6.5. FLEXURAL TESTING
6.5.1. Standard Flexural Apparatus
The type of apparatus shown schematically in Figure 6.5 has been
C 6 3 3extensively used elsewhere ° for flexural testing of matrix and
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fibre-reinforced cement coupons. The loading arrangement imposes a 
constant moment in the central third of the test coupon. The 
apparatus was used in this investigation to test the matrix control 
specimens made with each composite sheet ([referred to in Section 
4.2.2).
The actual test jig used is pictured in Figure 6.6 , and has been 
positioned ready- for use in the Instron 1122 test machine*
The test specimen is supported by two rollers having 
a span of 135 mm. The rollers are free to rotate about the spindle, 
thus reducing the frictional forces between the supports and the 
specimen. The loading rollers, similarly free to rotate, are placed 
45 mm apart at the third points of the span. The load is applied 
via a ball and socket joint to ensure uniform distribution of the 
load between the rollers. The cross-head movement of the Instron 
is recorded and is assumed to be equal to the deflection at the 
third-point positions of the specimen. Simple beam theory may be ' 
used to show that the central deflection is 1.15 times the third 
point deflection. The test jig is seated on the Instron load cell 
and load is recorded against deflection on the Instron chart.
A cross-head displacement rate of ID mm/minute was adopted, higher
(6.4)than some recommendations for flexural testing, but reasonable
for work with polyolefin-reinforced cements, where large deflections
can mean that tests conducted at cross-head speeds of 2-3 mm/minute
are unnecessarily time-consuming. The rate of strain of the tensile
surface of the specimen is proportional to the specimen depth, d,
2(and not to d as reference 8.3 suggests) and, after cracking, is 
also a function of the position of a changing neutral axis depth, 
which may depend upon the volume fraction and type of reinforcement.
P1 75
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176
For an uncracked specimen, a deflection rate of ID mm/minute at 
the third points imposes a tensile strain rate of about 1.5%/minute 
on the surface of a 5mm thick specimen, and 2.1%/minute for a 7 mm 
thick specimen. After cracking, tensile surface strains may increase 
non-linearly with time, but a reasonable strain rate for polyolefin- 
reinforced specimens is approximately 2.5-3%/minute for a 5 mm thick 
specimen.
By reversing the direction of cross-head movement, the test jig may 
be used to assess the unloading behaviour of specimens in flexure.
6.5.2. Apparatus for Reversed Flexural Loading
In order to investigate the effect of reversed flexural loading 
taken through zero, a second, more sophisticated flexural test 
apparatus was designed and is shown in Figure 6.7, The
loading configuration and spans are the same as for the simple jig, 
but the following details were incorporated to permit reversed 
loading through zero, and to facilitate (for each type of loading 
regime) a more accurate and direct deflection measurement.
(i) Pairs of rollers, labelled A in Figure 6.7, are provided at 
each load and support point, with the test specimen sandwiched 
between.
Cii) The support brackets for the end rollers’ spindles are free 
to rotate, about a horizontal axis through the mid-depth of the 
specimen, relative to the main frame of the jig CB). This detail 
offsets to some extent any clamping action that top and bottom rollers 
may have on the end of the specimen.
(iii) The jig base is connected by a threaded sleeve, to the 
Instron cell (C).
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Civ) A bottom loading beam is connected to the moving cross-head 
via a ball and socket joint and suspension bolts (D).
Cv) Thin bolts (with wing nut heads) may be screwed down to prevent 
the top support rollers lifting when an upward load is applied (E).
(vi) The deflection of the specimen relative to the supports is 
measured directly by two linear variable differential transformers 
(LVOTs). The arrangement is shown in Figure 6.8 in which the loading 
beams of the-jig have been removed for clarity. The LVDTs are 
supported by small beams resting on circular pins at the support 
positions and the moving ’plunger' of each LVDT bears onto one end 
of a cross bar stuck down to the specimen at midspan. Errors due 
to compliance of the test machine and test jig, which may be 
introduced by assessing deflections from cross-head movements, are 
therefore reduced, but not eliminated completely. The LVDT signals 
are summed electronically and the output is fed, together with the 
load cell output, into an X-Y-Y chart recorder to produce a load- 
deflection curve.
In addition to load-deflection data, surface strain data were obtained 
from two electrical resistance strain Ce.r.s.) gauges, stuck to the 
top and bottom surfaces of the test specimen. Amplified outputs from 
the e.r.s. gauge circuit were fed into a second chart recorder to 
yield load-strain plots. Gauge lengths of 10 mm and 30 mm were used. 
In a simple test with no load reversal through zero, the 10 mm gauges 
were placed on the top compressive surface and were short enough to 
avoid.any contact with the loading rollers. The 30 mm gauges were 
positioned on the bottom tensile surface. A longer gauge was selected 
for this surface so that an average strain over a large part of the
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constant moment region was obtained. The gauges were able to 
accommodate, without fracturing, some crack development in the 
specimen beneath them. With no load reversal through zero, no 
bottom loading roller was required so that there were no difficulties 
with contact between roller and gauge. For a reversed loading through 
zero test, it is advantageous to use 30 mm gauges on both surfaces, 
so particular care had to be taken to avoid contact with the top and 
bottom load rollers.
The complete test facility is shown in Figure 6.9. In using this 
facility, the test procedure involved the following stages.
(a) Calibration
The load scales on the X-Y-Y chart recorders were calibrated against 
the Instron machine's internal calibration facility. The deflection 
scale was calibrated against known movements of each LVDT when1 placed 
in the micrometer jig. Since the LVDT outputs were summed, the scale 
movement for each LVDT was half the final movement required.
A perspex bar.400 mm long x 25 mm wide x 5 mm thick was used in the 
calibration of the amplified outputs from the e.r.s. gauges. Two 
e.r.s. gauges were positioned On opposite faces near the centre of 
the perspex bar. Strains as measured by the clip-on extensometer 
described in Section 6.4 were used as reference strains. The X-scale 
on an X-Y-Y chart recorder was calibrated against known movements of 
the extensometer in the micrometer jig. The extensometer was then 
attached to the perspex bar, with the knife edges bearing on small
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strips of emery paper stuck to the perspex to avoid any slipping.
The bar was placed in the Instron machine and, to avoid fracture of 
the perspex bar, was loaded in direct tension up to a maximum tensile 
strain of about 1% only. The amplified outputs from the two e.r.s. 
gauge circuits were fed into the two Y-channels of the chart recorder 
and could thus be calibrated against the strains from the extensometer 
on the X-scale. It was assumed that the same calibration would apply 
if the gauges were strained in compression.
Cb) Preparation of Specimen and Setting up the Test
A specimen was removed from water storage and marked up with centre 
lines, loading points and support positions. Locations for the e.r.s. 
gauges were rubbed dry with a cloth and a surface scale, which formed 
on the specimen during the curing period, was removed by light 
scratching with a sharp knife. Gauges and terminal "tags’ were stuck 
to the surfaces of the specimen with a cyano-acrylate adhesive, care 
being taken to align the gauges with the longitudinal centre line of 
the specimens. Connections to the rest of the gauge circuit were made 
by soldering. The cross bar, onto which the LVDTs bear, was then stuck 
down to the top surface of the specimen at mid-span. The specimen was 
carefully sandwiched between the two sets of loading rollers and beams 
and connected, by the suspension bolts (Figure 6.7) to the fixing on 
the moveable cross-head of the Instron machine. The cfoss-head was 
lowered, gently dropping the specimen onto the bottom support rollers. 
Some readjustment of the suspension bolts and loading rollers was 
usually necessary to remove slack in the load system, to position the 
loading rollers more accurately and to level up the specimen. The top 
support rollers were dropped onto the specimen and prevented from being 
lifted subsequently by tightening the threaded bolts down onto the 
ends of the roller surfaces.
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The LVDTs could then he positioned on the, jig. For a reversed 
loading test, the LVDTs were set with, the moveable ’'plunger*• in 
the middle of its travel. For a simple load/unload test without 
reversal through zero, there was no need to position the bottom 
loading rollers and Beam or the top support rollers and the test 
set-up was then similar to the simple apparatus.
(c) Testing
A cross-head- displacement rate of 10 mm/minute was used for loading, 
unloading and reversed loading cycles.
A
6.8 . TENSIDN-CQIMPRESSION TESTING
When a flexural specimen is suhjected to reversed loading through 
zero, a surface cracked by tensile stresses must then sustain 
compressive stresses and an initially compressive surface may be 
cracked by tensile stresses. If an analytical model of reversed 
load behaviour is to be established, then the behaviour of a composite, 
cracked by direct tension, under a subsequent direct compression load 
is of interest.
J
The standard specimen used, in tensile testing will buckle too easily 
if loaded in compression, so thicker specimens were manufactured in 
the following manner. A normal composite sheet, 500 x 400 x 5 mm thick, 
was cut, in the fresh state, into six 60 mm wide strips. Two thick 
strips were formed by laying three thin strips on top of each other.
Each thick strip was then laid under polythene and compressed by 
weight for 24 hours, to assist bonding between layers. The weights 
were removed and the strips stored under water for 27 days prior to 
testing. During the curing period, each strip was sawn into four 
specimens 200 mm long x 25 mm wide x 15 mm thick. The latter is an 
approximate dimension since some difficulty was encountered in producing
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a uniformly thick material.
The specimen was loaded in tension in the normal fashion as shown in 
Figure 6.3 and the strain was recorded by the clip-on extensometer. 
The specimen was then removed from the jaws of the Instron, while the 
loading system of the Instron was changed. With the extensometer 
still attached and continuing to record strain changes, the specimen 
was then loaded in compression, at a cross-head displacement rate of 
1 mm/minute,-between the platens- of the Instron. Tension-compression 
stress-strain curves were recorded on an X-Y^Y chart recorder.
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CYCLIC LOADING IN DIRECT TENSION 
- EXPERIMENTAL RESULTS AND DISCUSSION
7.1. THE TEST PROGRAMME
Results are reported for tests on cement composites reinforced with 
three polypropylene films - Bar 15, Bar 18 and Bar 112 - and a high 
modulus polyethylene film, E3H. The composite sheets manufactured 
are listed in Table 7.1, together with a brief description of the 
type of test carried out on specimens cut from the sheet. Generally 
twelve specimens were cut and tested from each polypropylene-reinforced 
sheet (with the exception of sheet 18/T/8 when six specimens were 
tested), and six specimens from each polyethylene-reinforced sheet.
The referencing used for each sheet or specimen is as follows:
A/B/N/S
A refers to the type of reinforcement e.g. 18 is Bar 18 
polypropylene, PE is the high modulus polyethylene.
B distinguishes between a sheet used for tension (T) and 
one used for flexural testing CF) reported later.
0 indicates the sheet number in the series A/B.
CHAPTER 7
S is the specimen number.
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sheet
Ref
Film
Reinforcement
Fibre Volume 
Range
% CV^ )
Description of Test,
18/T/l Polypropylene 
Bar 18
5.4-7.3
Cyclic loading, no recovery 
at zero load. Comparison of 
one and multi-cycle 
behaviour.
18/T/2 f» 3.0-4.5
Low V^ composite,multiple 
cracking generally not 
observed.
18/T/3 I 6.2-8 . 1 Cyclic loading, no recovery at zero load.
18/T/4 If 5.1-6.3
Cyclic loading & recovery, 
comparison of one and two 
cycle behaviour.
18/T/5 VI 6.3-7.7
Cyclic loading. Some 
recovery specimens.
18/T/6 I 1 0 .0-1 1 . 8
High V_p sheet, cyclic 
loading.
15/T/l Polypropylene 
Bar 15
3.0-4.8
Cyclic loading, no recovery 
at zero load.
112/T/l Polypropylene 
Bar 112
4.8-5.7
Cyclic loading,some recovery 
specimens.
PE/T/1
High modulus 
polyethylene 
E3H
3.4-4.2
Cyclic loading, no recovery 
at zero load.
PE/T/2 I 5.5-7.1
cyclic loading,,no recovery 
at zero load.
PE/T/3 I 4.8-5.9
cyclic loading, no-recovery 
at zero load.'
PE/T/4 19 3.9-5.5
Cyclic loading, recovery 
at zero load.
TABLE 7.1 Tensile Test Programme.
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7.2. STRESS-STRAIN RELATIONSHIPS
Representative stress-strain relationships for specimens from each 
of the sheets listed in Table 7.1 are given in Figures Al to A9 of 
Appendix A. A typical example (for a specimen from sheet 112/T/l) 
is given in Figure 7.1, on which the uncracked, multiple cracking 
and ’E^V^’ fibre extension regions have been identified. Residual 
strains at zero load can be seen to increase with increasing strain 
from which unloading commences. The reloading path is, initially, 
as stiff as the original uncracked composite loading path but the 
stiffness reduces as the stress increases.
7.3. ANALYSIS OF DATA
Wherever possible, the following data, shown diagrammatically in 
Figure 7.2,have been abstracted from the stress-strain relationships 
for all specimens.
(a) Data associated with the stress-strain envelope
E , the modulus of the uncracked composite.
emc, the strain at the completion of multiple cracking
cf , the mean composite cracking stress, taken to be the co
stress at £ /2 .me
Epc, the post-cracking scope 
acu' comPos "^l:e Tailure stress 
£cu, the composite failure strain.
Additionally, the fibre volume fraction, V^ , and the crack spacing, 
~x, have been assessed for each specimen.
The estimation of e and O presents some difficulty since, in manyme co
cases, neither is well-defined. It is apparent from studying Figure 7, 
Figures A1-A9, that multiple cracking occurs over a range of stress,
1 and
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FIGURE 7.1 Typical tensile stress-strain relationship under cyclic 
loading.
FIGURE 7.2 Analysis of stress-strain data.
and that an apparently obvious rising post-crack region may still
be accompanied by matrix cracking. This is most probably due to
small variations in the specimens’ cross-sectional area and, more
significantly perhaps, to variations in the strength of the matrix.
In an attempt to bring a consistent, rather than subjective, approach
to the assessment of £ , the procedure adopted, and shown inme
Figure 7.2, was to define £ as the intersection of the post-crack 43 me r
slope and the horizontal line through cf • This is not ideal since 
a trial and error approach was required as *Gco, by definition, is 
dependent upon Emc- However, it was usually possible to estimate 
Gco reasonably closely by an initial judgement of £mc°
The following film and matrix properties may be calculated from the 
data abstracted from the stress-strain curves:
E , the matrix modulus, from:m
Em
where E_^ is the initial modulus of the film
£mu the mean matrix failure strain, from:
aco£ Emu c
E_pc, the apparent film modulus in the composite from
E
E pc■f c Vf
and cr , the apparent film strength in the composite from: tu
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Ep, the strain from which unloading began.
£ , the residual strain at zero load, r
e , the residual strain at zero load following a recoveryroc
period.
2E^ , the tangent modulus at a stress of 4 MN/m on reloading 
from zero load (with or without recovery at zero load).
£ 2 
q , the strain at a stress of 4 MN/m on reloading from zero
load.
7.4. CHARACTERISTICS OF STRESS-STRAIN ENVELOPES
Details of the results for individual specimens are listed in 
Appendix A, Tables Al-AlO. Only a limited amount of reliable data 
for the parameters shown in the tables was obtainable from the 
specimens of sheets 18/T/2 and 15/T/l. The detailed results for 
these two sheets are not presented in the tables, although particular 
aspects of the behaviour of specimens from these sheets will be 
discussed subsequently.
7.4.1. The matrix modulus of elasticity, Em-
The average of the matrix moduli of individual specimens from a sheet
2varied between 33.D and 35.9 GN/m for polypropylene-reinforced
sheets (with the exception of sheet 18/T/6) and between 36.9 and 39.1 
2GN/m for, polyethylene-reinforced sheets. There appears to be a 
difference in measured matrix moduli between sheets of different
(b) Data associated with cyclic loading (Figure 7.2)
reinforcing film, although the matrix mix proportions and constituents 
were nominally the same throughout the test programme. It may be that 
the high modulus polyethylene film affects the composite modulus in a 
manner other than that governed by the simple law of mixtures, and 
perhaps related to the growth of flaws in the matrix.
A similar effect may occur if a high fibre volume of polypropylene is
present. This could explain the higher composite modulus and higher
2calculated matrix modulus (41-44.6 GN/m ) of the specimens frcm 
sheet 18/T/6.
The following values are taken to be reasonable estimates of the 
matrix modulus, E^ , for use in subsequent analyses:
2for polypropylene-reinforced specimens, E^ = 34 GN/m ;
2for polyethylene-reinforced specimens, E^ = 38 GN/m .
A higher value of modulus of specimens from sheet 18/T/6 is introduced 
where appropriate.
7.4.2. The mean matrix failure strain, e .   _—     mu
The values of the mean matrix failure strain, e , , calculated from themu
experimental results for each specimen, are plotted against the 
specimen's fibre volume fraction, V^ , for specimens reinforced by 
polypropylene film in Figure 7.3(a) and by polyethylene film in 
Figure 7.3(b).
As is common with many brittle materials, the scatter of results is 
substantial but there is, perhaps, a trend for the matrix failure 
strain to increase slightly with film volume fraction, as some 
theoretical predictions suggest. However, for use in subsequent 
analyses, a reasonable 'average' estimate of the matrix failure strain 
is considered to be 300 x 10"^s
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100
sheet
0 18/T/3 
■ 18/T/4 
* 18/T/5 
□ 18/T/6 
a 112/T/l
1
10 Vf* 12
(a) polypropylene-reinforced specimens
400
£mu
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a PE/T/2 
* PE/T/3 
d  PE/T/4
D
Vf%
(b) high modulus polyethylene-reinforced specimens
FIGURE 7.3 Matrix failure strain, c; , vs fibre volume fraction. V_— --------------------  f
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The experimental values of the strain at the end of multiple cracking, 
emc* have been plotted against film volume fraction, V^ , in Figure 
7.4(a) and (b) for polypropylene and polyethylene-reinforced specimens 
respectively. The difficulties in the determination of £mc are 
reflected in the scatter of results. For example, the results for 
Bar 112 reinforced specimens in Figure 7.4(a), lying generally between 
strains of 1.5 and 2.0% could, by a reasonable alternative inter­
pretation of e , lie closer to a value of 2.5%. me
Two theoretical predictions of the e^.v. \/^  relationship are shown 
in Figure 7.4(a) and (b):
(i) Curve A assumes that the fibre is linearly elastic to failure. 
Typically, the assumption made is that the secondary film modulus,
E 2 > will dominate the behaviour of the composite. For a linear 
elastic fibre, ACK theory yields, for the average crack spacing of 
1.364 x1:
E V
e = £ Cl + 0.659 me mu EpVpf f
In Figure 7.4Ca), the following values have been used for the 
polypropylene-reinforced composite:
e -6 ^ = 300 x 10mu
E =34 GN/m2 m
Ef = E 2 =4.3 GN/m2 (Section 4.3.3.2)
and in Figure 7.4(b), for the polyethylene-reinforced composite:
e = 300 x 10" 6mu
E =38 GN/m2m
7.4.3. Strain at the end of multiple cracking, £mc*
Ef = E 2 = 13.2 GN/m2
a Bar 18 film 
a Bar 112 film
T  ~ I
4 -
me Y
3-
Y □cP°I
V o  n °
D O  D
 ^a a
D *  □
o 
%  
*** '
aa
10 vf% 12
(a) polypropylene-reinforced specimens
T 1-------------1 T
Cb3 high modulus polyethylene-reinforced specimens
FIGURE 7.4 Strain at the end of the multiple cracking region,
vs fibre volume fraction, V„ me, -f
characteristic of the films (section 4.3.3.25 and has been
developed using the analysis of section 5.8.1 for a crack spacing
of 1.3B4X*. The values of e , and E used are as for curve A.mu m
The less rigorous approach (curve A) would appear, in fact, to 
provide a better estimate of strains at the end of multiple cracking 
than an approach (curve B) which takes into account a more realistic 
model of fibre behaviour. The latter approach predicts a lower 
strain at the end of multiple cracking than experimental results.
One explanation for this could lie with the variation in matrix
Gracking strain that is likely to occur within a specimen. The
explanation is most clearly illustrated by considering a composite
specimen in which (unrealistically), the length 2L is divided into a
— 6region = L with a matrix failure strain of 275 x 10 and a
length L2 = L with a matrix failure strain of 325 x 10 , as shown
in Figure 7.5(a). Assuming a uniform composite uncracked modulus,
E , of 32.5 GN/m2, then: c
2Composite cracking stress in = 8.94 MN/m
2Composite cracking stress in l_2 = 10.56 MN/m .
2 IAt a stress of 8.94 MN/m , breaks down, into cracks 1.364 x apart.
The strain in L^ , from the more rigorous curve B type analysis, is
the strain at the end of multiple cracking for the assumed composite
and may be calculated as 1.98%. Thus:
in extension <SL^  = 1.98L/100
in l_2 extension <5L_2 = 0.0275 L/100
2giving an average composite strain at stress 8.94 MN/m of 1.00%.
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(ii) Curve B takes into account the bilinear stress-strain
•e = 275 x 10 6 1 e = 325 x 10" 6mu i mu
L1 = L
(a) Model for variation in matrix failure strain.
Stress MN/m2
(b) Resulting tensile stress-strain curve.
FIGURE 7.5
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If the composite stress is increased to 10.56 MN/m i.e. by 
1.62 MN/m2, then:
in L^, increase in fibre stress = 1.62/0.05 = 32.4 MN/m
if is taken to be 0.05. Since no further load may be transferred
to the matrix in L^ , the fibre must increase by this stress throughout
its length, thus:
ip L , approximate strain increase = x 100 = q 75°.
4.3 X 103
The increase is approximate since a very short length of fibre will
2sustain the increase in stress at a modulus of 8.9 GN/m (i.e. E_, ).f 1
In the composite has become fully cracked at this stress and
strained to £ , which may be calculated as 2.48%. Therefore at ame J
2stress of 10.56 MN/m , the composite strain is given by:
CO.75 + 1.98) L + (2.48) L 
2L
= 2.61%.
The stress-strain relationship during multiple cracking would appear
as in Figure 7.5(b) and £ might be assessed as 2.61%. Theme 0
theoretical prediction by the rigorous analysis would yield, however,
_ Bfor an average matrix cracking strain of 300 x 10 , a value of
e of 2.23%, (Figure 7.4(a)) an underestimate of the value of 2.61%me 0
likely to be assumed from the experimental curve.
7.4.4. Modulus and strength of the fibre assessed from tests
on the composite
Table 7.2 compares the values of fibre modulus and ultimate strength 
obtained from tests on composite specimens with values obtained
2
2
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directly from tests on the fibre alone, as reported in section 4.3.3.2.
TABLE 7.2,. Film Modulus and Strength
Reinforcing
fibre
Material
Tested
Secondary 
Modulus of 
Elasticity
(GN/m2)
Ultimate
Strength
(MN/m2)
Polypropylene -
Unfibrillated
Fibre 4.3 205
Composite 'u 2.6 a- 264
Polyethylene
Unfibrillated
Fibre 13.2 412
Composite 'v 8.4 'v 433
The values of modulus of the film obtained from tests on the composite 
are lower than those from the film alone, whilst the reverse is true 
for the film ultimate strength. If both fibre strength and modulus 
had been lower in the composite results, then a possible explanation 
might be due to the assumption of aligned continuous fibres being an 
incorrect one. Since the results do not consistently support this, 
other reasons must be considered to account for the discrepancy.
That the film strength is higher in the composite is not surprising, 
since the fibre cross-section could be more uniformly stressed at 
cracks in the composite than when gripped directly in the Instron 
machine. The post-crack slope of the composite will be shallower if 
cracking is continued, in addition to stretching the fibre, as the
       ^
i
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stress increases in this region of the stress-strain curve. This is 
apparent in a number of specimens and the composite post-crack slope 
is thought, therefore, to lead to a lower film modulus for this reason.
7.4.5. Crack spacing
The average crack spacing measured on test specimens is plotted against 
the specimen fibre volume fraction in Figure 7.6 for polypropylene 
(excluding Bar 15 specimens) and polyethylene-reinforced specimens. As 
equation 3.4 suggests, an increase in fibre volume fraction reduces the 
crack spacing. Figure 7.6 also indicates that, at the same volume 
fraction, Bar IB and Bar 112 films produce slightly lower crack spacing 
in the composite than the polyethylene film reinforcement.
The crack spacings of specimens reinforced with Bar 15 polypropylene 
film 3re markedly greater than for Bar 18 and 112 film-reinforced 
specimens. Bar 15 film has a much smoother texture than the other 
two films (section 4.3.1.1] and a much poorer stress transfer 
capability. Average crack spacings for Bar 15 specimens varied 
between 15 mm (V.p = 4.8%) and 30 mm (V^, = 3.1%), although these 
may not be 'true1 final crack spacings since multiple cracking may 
not have been completed prior to failure. The marked fluctuations 
in load registered by the Instron as individual cracks formed in 
Bar 15 specimens is apparent in Figure 7.7. Figure 7.8 shows 
typical cracked specimens containing Bar 15, Bar 18 and E3H film 
reinforcement.
7.4.6. Critical fibre volume fraction
Several specimens of sheet 18/T/2 failed as the first crack formed, 
for example, the specimen of Figure 7.9(a), whilst others failed
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after the formation of a few cracks, but obviously before multiple 
cracking was completed. The 'immediate' failures all contained a 
low volume fraction of fibre, generally less than 3.5%. The one 
or two specimens containing volume fractions of fibre of about 
4% and above could sustain some multiple cracking, as shown by 
the specimen of Figure 7.9(b).
The critical fibre volume fraction for Bar 18 specimens may be
calculated from equation 3.2 as (Vo) . . = E .e /G„ i.e.M f cnt c mu fu
n/ , n 33 x 103 x 300 x 1CT8
f crit % -------- 264--------
'v 3.75%
which accords well with the experimental data.
It is surprising that first crack failures were not recorded with 
specimensfrom sheet 15/T/l, which, as Table 7.1 indicates, had 
fibre volume fractions between 3.0% and 4.5%. This may be because 
Bar 15 film is stronger than Bar 18 film, although there is no 
independent evidence to support this.
7.5. CYCLIC LOADING IN TENSION - EXPERIMENTAL RESULTS
7.5.1. Comparison of single and multi-cycle results
The assumption that the unloading/reloading behaviour of a specimen
is unaffected by the previous loading history during the test was
checked by comparing residual strains at zero load and the reloading
2tangent modulus at 4 MN/m , on unloading from a strain of 2.5%, for 
specimens subjected to single and multi-cycle loadings. Figures 
7.10(a) and 7.10(b) show the stress-strain relationships for a
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(a) Specimen 18/T/2/6 = 3.2% < Vpf f crit
(b) Specimen 18/T/2/11 V - 4% > V P . ,f font
FIGURE 7.9 Tensile stress-strain relationships, Bar 18 specimens.
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specimen 18/T/1/1
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(a) Single cycle loading.
(b) multi-cycle loading
FIGURE 7.10 Tensile stress-strain relationships*
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representative pair of specimens of approximately the same volume 
fraction. The results from this and other pairs of specimens, all 
from sheet 18/T/l, shown in Table 7.3,confirm that the assumption 
is justified, taking into account the normal scatter of experimental 
results. The average values of residual strain and reloading 
modulus, E^ , differ by less than 5% for 1-cycle and B-cycle specimens.
TABLE 7.3. Comparison of single and multi-cycle results 
Unloading strain = 2.5%
A-type specimens Cl cycle) B-type specimens C5/6 cycles)
Spec. V„% 
No. Er%
E1 CGN/m2) Spec.
No. f
£ % E r ^(GN/m2)
1 7.2 0.97 0.64 12 7.3 0.97 0.62
11 6.5 1.04 0.59 2 6.4 1 . 1 1 0.72
'9 6.0 1.07 0.5B 10 6.0 1.15 0.64
3 5.8 1.19 0.70 6 5.8 1.14 0.72
7 5.3 1.16 0.69 8 5. 7 1.09 0.63
Mean values 1.08 0.64 1.09 0.67
7.5.2. Residual strains at zero load
The variation of the residual strain at zero load, er > with the 
strain from which unloading began, e , is shown in Figure 7.11(a)-(Cj. 
for specimens reinforced with film types Bar 18 and Bar 112, in 
Figure 7.12 for specimens from sheet 15/T/l reinforced with Bar 15 
film and in Figure 7.13 for specimens reinforced with polyethylene 
film.
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FIGURE 7.11 Residual strain at zero loader, vs unloading strain e
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FIGURE 7.12 Residual strains, vs unloading strains, e , for 
Bor 15 film - reinforced specimens.
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In each, figure, there is an apparently linear relationship between 
residual strain and unloading strains when the latter are less than 
about 2-2.5%. On each Figure, a dashed line of best fit has been 
drawn, by eye, through the experimental points and through the 
point (emuA 0) i.e. (.0.03%, 0). The slopes of each line are 
shown on the Figures and there is a clear distinction between the 
behaviour of specimens reinforced with polyethylene and Bar 15 
films and the behaviour of specimens reinforced with Bar 18 and 
Bar 112 films. For the former, residual strains are about 66% of 
the unloading strains compared to 35-45% for the latter. The 
reasons for this difference are discussed subsequently.
At the higher values of unloading strain, residual strains become 
a smaller proportion of the unloading strain, but continue to 
increase with unloading strain, and specimens with higher film 
volume fractions tend to yield the lower residual strains.
7.5.3. Recovery of strain at zero load
Recovery of strain at zero load effectively ceased after a period 
of fifteen minutes had elapsed at zero load. Recovery was recorded 
after about five minutes had elapsed at zero load, and the strain 
recovered in this period was estimated to be greater than 90% of 
the fifteen minute recovery. About 50% of the fifteen minute 
recovery was virtually instantaneous.
7.5.3.1. Comparison .of one and two cycle recovery strains
It was necessary to establish whether the effect of a previous 
strain recovery at zero load may tend to reduce the strain recovery 
of any subsequent unloading cycle. This was investigated by
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subjecting the specimens of sheet 18/T/4 to two different loading
regimes. Half the specimens were unloaded directly from a strain
of 5% and the recovery at zero load measured. The other half of
the specimen set were unloaded from a strain of 2.5%, allowed to
recover at zero load, reloaded to 5% strain, unloaded and the
recovery measured at zero load. Comparisons of the recovery strains
on unloading from 5% and subsequent tangent reloading moduli at 
24 MN/m are shown in Table 7.4, from which it is concluded that any 
effect due 'to the previous loading history is small and may be 
ignored within the normal scatter of experimental results.
TABLE 7.4 Recovery - Comparison of 1 and 2 cycle loadings
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18/T/4/1 B.O 2.304.82
1 . 00
1.94
.0.86
1.67
14.0
13.9
0.64
0.38
18/T/4/2 6.0 5.02 2 . 1 1 1.80 14.7 0.36
18/T/4/3 5.4 2.605.02
1 . 2 0  
2 . 1 2
1 . 0 2
1.84
15.0
13.2
0. 62 
0.37
18/T/4/10 5.3 5.02 2.20 1.91 13.2 0.36
18/T/4/5 5. 1 2. 54 5.04
1.26
2.30
1.09
2 . 0 1
13.5
1 2 . 6
0.68
0.37
18/T/4/9 5.1 5.04 2.24 1.97 1 2 . 1 0.36
I8/T/4/7 5.7 2.525.02
1.18
2. 34
1 . 00 . 
1.94
15.3
17,1
0. 58 
D. 35
18/T/4/8 5.8 5.02 2.38 1.96 17.6 0.37
18/T/4/11 5.8 2.55.02
1 . 1 2
2 . 1 1
0.94
1.82
16.1 
13.7
0.57
0.35
18/T/4/12 6.3 5.02 2.00 1.72 14.0 0.35
* strain recovery % (er - £ )rec x 100
£r
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The initial residual strains at zero load, e , and the strains after
recovery has taken place, £rec> are plotted against the strain from
which unloading began, £ , in Figure 7.14 for specimens reinforcedP
with Bar 18^  Bar 112 and polyethylene films. The approach adopted
for strain recovery measurement was to unload from specific strains,
eg 1, 2.5 and 5%,and measure recovery. To avoid congestion of points,
individual results are not shown, rather each point represents the
average of results from at least four specimens of similar volume
fraction. The strain recovered at zero load, (£ - £ ), expressedr rec
as a proportion of the initial residual strain, £r, varied between 
about 14% (sheet 18/T/4) and 22% (sheets 112/T/l and 18/T/5) for 
polypropylene-reinforced specimens and between 12 and 18% for poly­
ethylene-reinforced specimens (sheet PE/T/4).’
7.5.4. Reloading modulus
The reloading modulus, E^ , as measured by the tangent to the reloading
2curve at a stress of 4 MN/m , has been plotted against the strain from 
which unloading began, e , in Figure 7.15 for specimens reinforced with 
between 6 and 7% by volume of Bar 18 film.
There is a very marked loss in stiffness of the composite as the 
unloading strain increases above the matrix cracking strain and as the 
number of cracks in the specimens increases. At higher strains, the 
reloading modulus approaches a lower bound. The results tend to be 
asymptotic to the axes at low and high values of strain which 
suggests an inverse relationship between reloading modulus and 
unloading strain. The data can be presented more clearly and any
7.5.3.2. Recovery strains v. Unloading strains
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wayward results highlighted by employing logarithmic scales on each 
axis as shown in Figure 7.16, from which a linear relationship 
between l°gjg ) and (£p) emerges.
2The strain at 4 MN/m on reloading, e^,was also measured on the
stress-strain curves and may be used to calculate a secant modulus
2at a stress of 4 MN/m , E , i.e.sec
-3_ 4 x 10 , 2 r-E =--------- GN/m 7.5,sec -Ce. - e J 4 r
The changing stiffness of the specimens of Figure 7.15, is, alternatively, 
presented in this manner in figure 7.17, in which the secant modulus,
Esec, is plotted against the unloading strain, £p. As expected, the 
secant modulus values at a given unloading strain are higher than the 
tangent modulus, E^ . To show this more clearly, an approximate best 
fit to the experimental data of Figure 7.17 is shown on Figure 7.16 a£ 
a dotted line. At high unloading strains, the tangent and secant moduli 
converge towards the same value.
In Figure 7.18, the tangent reloading modulus, E^ , has been plotted 
against the unloading strain, £p, for two specimen sets with different 
fibre volume fractions, V_p, of 5-6% and 10-12%. At a given unloading 
strain, the trend is for the reloading modulus to be greater (by about 
20%) for the higher Vp specimens, but this difference is believed to 
be due to the higher composite modulus of these specimens, rather than 
to the difference in fibre volume fractions.
The reloading moduli results for polyethylene-reinforced specimens 
are shown in Figure 7.19, in which there is no clear distinction 
between specimens of different fibre volume fractions. By comparison
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FIGURE 7.17 Reloading secant modulus, E vs unloading
strain,e S0CP
FIGURE 7.18 Reloading modulus, E^ vs
Unloading strain, ep
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with Figure 7.15, at similar values of unloading strain, the reloading 
modulus is higher for polyethylene-reinforced specimens than for 
polypropylene-reinforced specimens. For example, at £^ = 1.0%, for
high modulus polyethylene-reinforced specimens is approximately
2 2 3.5 GN/m compared to approximately 1.5 GN/m for polypropylene-
reinforced specimens. Again, the difference in values is believed
to be due to the difference in matrix modulus between the two materials
rather than to the (larger) difference in fibre modulus. This is
discussed subsequently in section 7.6.4.2.
7.6. CYCLIC LOADING IN TENSION - COMPARISON OF EXPERIMENTAL RESULTS 
WITH THEORETICAL PREDICTIONS
7.6.1. Theoretical Predictions - Composite Properties Used
In the subsequent section, the experimental data are compared with the 
theoretical predictions developed in Chapter 5. To recap, the following 
properties were assumed in deriving the theoretical predictions:
Fibre volume fraction, = 6%
2matrix modulus, E =34 GN/m m
— 6matrix failure strain, £ = 300 x 10mu
A fibre volume fraction of 6% is a reasonable approximation to most of
the experimental data presented for comparison with theoretical work.
The matrix modulus for the polyethylene-reinforced specimens was
2measured as, approximately, 38 GN/m , but the assumed value of 34
2GN/m will have only a minor effect upon many of the comparisons drawn.
Where the value of matrix modulus may have a significant influence upon
2the theoretical results, then the value of 38 GN/m is used in the 
analysis.
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(i) for theoretical predictions assuming linear elastic fibre 
behaviour:
2polypropylene, film modulus, = 4.3 GN/m
2polyethylene, film modulus, Ef = 13.2 GN/m
(ii) for theoretical predictions of residual strains at zero load 
assuming non-linear fibre stress-strain behaviour, the models of 
section 4.3.3.2 for polypropylene and polyethylene films;
(iii) for theoretical predictions of recovery of strain at zero load, 
in addition to the assumptions in (ii), the following recovery of the 
film alone was assumed:
polypropylene: recovery complete at zero load 
polyethylene: strains at zero load after recovery are 18% of
unloading strain.
Upper and lower bounds to the theoretical predictions occur if cracks 
are assumed to develop at 2x* and x1 respectively, where x* is the 
minimum crack spacing, and these bounds are shown on the theoretical 
predictions.
7.6.2. Residual strains at zero load
7.6.2.1. Specimens reinforced with Bar 18 and Bar 112 polypropylene films
Figure 7.20 compares the experimental data of Figure 7.11(a) (V^  = 6-7%) 
with two sets of theoretical predictions, previously shown in Figure 
5.22. The theoretical relationships marked || assume a linear elastic 
fibre behaviour, those marked assume non-linear polypropylene fibre 
behaviour.
The following properties of the film reinforcement were assumed:
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There is only a small difference between the two theoretical 
predictions at low unloading strains (< 2.5%) and the experimental 
data generally lie within the bounds in this region. ^The equations 
of the dashed lines drawn on the experimental results of Figure 7.11(a) 
- (c) will be seen to lie within the theoretical bounds of equation 
5.42 and 5.43, and, particularly for Figure 7.11(a) and (b), close to 
the average relationship of equation 5.44.J At higher strains up to 5% 
the 'non-linear' prediction assesses the continuing increase in the 
magnitude of experimental residual strains better than the 'linear' 
theory, but overestimates experimentally obtained results at very high 
strains. This is probably due to the inaccuracy of the idealised 
stress-strain model for the film at high strains. With reference to 
Figure 4.16 for the assumed model, film residual strains increase 
steeply at high unloading strains, but there was little experimental 
evidence to support this. If at high, strains, fibre residual strains 
are a smaller proportion of the unloading strain than Figure 4,16 
suggests, then this will obviously result in lower theoretical residual 
strains in the composite. In Figure 7.20. a further theoretical 
relationship marked C has been drawn to indicate this effect. The 
relationship, drawn for a 2x* crack spacing, assumes that from tests 
on the fibre alone, residual strains ate 10% of the unloading strain 
(Figure 4.16) and now lies below the experimental data at high strains. 
In practice, it is possible that the real fibre unloading behaviour 
lies somewhere between these two assumptions, with the result that the 
composite data are overestimated by one assumption and underestimated 
by the other.
Experimental results, particularly on unloading from high strains, are 
in any case likely to be greater than theoretical predictions because,
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as Allen has pointed out*'7*'''/ crack faces may be wedged apart by 
loose matrix debris accumulating in the cracks.
7.6.2.2. Specimens reinforced with Bar 15 polypropylene film
In Figure 7.21, the experimental data for residual strains for Bar 15 
specimens have been compared with the theoretical predictions 
appropriate for low Cless than about 2.5%) unloading strains, which 
are independent of the unknown Bar 15 modulus. It is apparent that 
the residual strains of the specimens are higher than predicted.
Residual strains of this magnitude, when expressed as a proportion 
of the unloading strain, are found with polyethylene-reinforced 
specimens, but the explanation proposed for the polyethylene specimen 
results, namely the high residual strain exhibited by the fibres alone, 
is believed to be inappropriate for a polypropylene, low residual strain 
film such as Bar 15.
There is evidence that the high residual strains are connected with the 
wide crack spacing, and hence large crack widths, exhibited by Bar 15 
specimens and discussed earlier. A large crack width increases the 
likelihood that loose matrix material at crack faces may move and 
wedge the crack open as load is reduced. There is a further 
contributory factor, apparent from a microscopic examination of the 
cracks in Bar 15 specimens, which arises due to some fibres buckling 
within the crack opening when the specimen is unloaded. Presumably 
there is an uneven distribution of stress between individual fibres 
across a crack, and one or two fibres may fall to zero load as others 
continue to pull the crack faces together. The zero load fibres 
buckle and so help to wedge the crack apart. Figure 7.22 shows 
cracks typical of those occurring in Bar 15 specimens, and buckled 
fibres can be seen within the body of the composite.
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FIGURE 7.21 Residual strains, er, vs. unloading strains, sp.
Comparison of experimental and theoretical results, 
Bar 15 polypropylene-reinforced specimens.
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Figure 7.22 Buckled fibres in cracks
bar 15 reinforced specimens.
Crack width approx. 1 mm.
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7.6.2.3. Specimens reinforced with polyethylene film
Figure 7.23 compares the experimental residual strain data of Figure 
7.13 with two theoretical predictions previously shown in Figure 5.25. 
The theoretical relationships marked A assume a linear elastic fibre 
and underestimate the residual strains, whilst the relationships 
marked B, which account for non-linear fibre behaviour and, of 
particular importance, residual fibre strains at zero load, are a 
good prediction of experimental behaviour at low values of strain 
less than about 1.5%. At higher strains, both theoretical predictions 
underestimate experimental data, although the predictions assuming non­
linear fibre behaviour are more reasonable.
As for the polypropylene-reinforced results, the model for film 
behaviour(Figure 4.19) may be reviewed in the light of these results 
and it may be that the fibre stress-strain model assumed yielded a 
conservative estimate of residual fibre strains on unloading from high 
strains in tests on the fibre alone. Thus curves B should, perhaps, 
lie closer to the experimental data, but the experimental data may 
well exceed any theoretical predictions at high strains due to the 
accumulation of debris in cracks previously mentioned.
7.6.3. Recovery of strain at zero load
Figure 7.24(a) compares the experimental data of Figure 7.14 for 
polypropylene-reinforced specimens with the'theoretical predictions 
of Figure 5.23. The comparison is reasonable at the unloading strain 
levels of 1 and 2.5%, but the large recovery in strain at zero load 
predicted at unloading strains of about 5% - nearly 50% of the
initial residual strain should, theoretically, be recovered - is not 
achieved in practice.
FIGURE 7.23 Residual strain , e_^, vs unloading strain* e ,
Comparison of experimental and theoretical results, 
polyethylene-reinforced specimens.
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(a) polypropylene-reinforced cement.
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bounds
at zero load 
before recovery
bounds after recovery
(b) polyethylene-reinforced cement
FIGURE 7.24 Recovery of strain at zero load.Comparison of experimental 
and theoretical results.
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Theoretically, the assumed fibre stress-strain model in the unloading 
and recovery stages was approximate (sections 5.8.2.1 and 5.8.3.1); 
practically, full recovery may be prevented in the composite by 
matrix debris wedging cracks open. Taken together, it is not 
surprising that at high strains, the correlation between experimental 
data and theoretical prediction is poor.
Similarly, for polyethylene-reinforced specimens (Figure 7.24(b)), 
measured strain recovery - up to 18% of the initial residual strain - 
is less than the recovery of about 35% predicted theoretically. 
Residual strains in the polyethylene composite after recovery at zero 
load remain, therefore, a large proportion Cover 50%) of the unloading 
strain.
7.6.4. Reloading modulus
7.6.4.1. Polypropylene-reinforced specimens
Figures 7.25(a) and 7.25Cb) compare the theoretical relationship
2between the tangent reloading modulus at 4 MN/m , E^, and unloading
strain, e , with the experimental data of Figures 7.15 and 7.16 P
(V_ = 6-7%). f
The experimental results generally lie close to or just below the
lower bound to the theoretical relationship, but do not tend towards
the lower limiting value of reloading modulus that theory predicts.
The tangent reloading modulus continues to decrease with increasing
unloading strain,tending, in fact, towards the ’E^2 Vp' theoretical
post-crack slope of the composite. In this case f^* about
20.26 GN/m , a reasonable lower bound to the results. This suggests
2that on reloading to 4 MN/m after unloading from very high strains,
2the fibre, at a stress level of 4 MN/m is not both stretching and
FIGURE 7.25(a) Reloading modulus: comparison of experimental and 
theoretical results, polypropylene-reinforced 
specimens.
FIGURE 7.25(b) as (a) above but log scale axes.
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increases (as theoretical considerations, would require), rather 
2that at 4 MN/m on reloading, the fibre is extending freely 
throughout the matrix without any load transfer at this stage 
into the matrix. This may be because the stress transfer capability 
at the interface has been reduced by the high relative displacements 
between fibre and matrix and by the high extension to which the fibre 
itself has been subjected.
Nonetheless, taking into account the variability of the matrix strength 
and modulus, the assumptions of the basic theory with regard to stress 
transfer between fibre and matrix, and a further assumption in this 
theoretical comparison of a linear elastic fibre, the correlation 
between experimental results and theoretical predictions is very 
satisfactory, to the extent that marked changes in composite stiffness 
can be reasonably assessed by a relatively straightforward analytical 
procedure.
Similarly good correlations are evident in Figure 7.26, in which the
results of the specimens of Figure 7.25 are presented in the form of
a secant modulus (E ec5* and in Figure 7.27, in which experimental
2and theoretical tangent reloading moduli at 4 MN/m are shown for 
specimens with fibre volume contents in the range 5-6% and 10-12%
Figure 7.27 emphasises that theoretically the falling part of the
E^ - £p relationship is relatively insensitive to changes in fibre 
volume content. The higher V_p specimens have higher reloading 
moduli (at unloading strains less than about 2%) because of the 
higher uncracked composite modulus of these specimens.
still transferring load into the matrix as the composite stress
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unloading strain, £ %P
FIGURE 7.26 Secant reloading modulus vs unloading strain: 
experimental and theoretical results
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Figure 7.28 compares-experimental and theoretical tangent reloading 
2moduli at 4 MN/m for specimens reinforced with polyethylene film. 
Theoretical relationships in Figure 7.28 have been drawn for two 
values of matrix modulus of elasticity, Em:
2(i) for E^ = 38 GN/m , the value assessed from the experimental 
results of polyethylene-reinforced specimens;
2(ii) for E^ = 34 GN/m , the value generally assumed for theoretical 
relationships considered so far, and the value obtained from tests 
on specimens reinforced with polypropylene film. The lower bound 
only (assuming x* crack spacing) of this theoretical relationship 
has been drawn.
Theoretically, the falling part of the E1 - e relationship isi p
sensitive to changes in matrix modulus (section 5.7) as Figure 
7.28 indicates.
The experimental results lie close to the theoretical bounds for 
2Em = 38 GN/m , but, as for the polypropylene-reinforced specimens'
results, the reloading modulus reduces below the theoretical lower
bound and again approaches the value * E^-Vp1, the theoretical post-
2crack slope, which, in this case, has a value of about 0.8 GN/m .
It was noted earlier * that on unloading from the same unloading 
strain, the experimental results for the polyethylene-reinforced 
specimens gave higher values of reloading modulus than for poly­
propylene-reinforced specimens. The difference can be mainly 
attributed to the difference in the matrix between the two sets 
of specimens, rather than to the Clarger) difference in film modulus.
7.6.4.2. Polyethylene-reinforced specimens
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FIGURE 7.28 Reloading modulus: comparison of experimental and
theoretical results, polyethylene-reinforced specimens.
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7.7. CYCLIC LOADING IN TENSION - RESULTS OBTAINED ELSEWHERE
7.7.1. Glass-reinforced cement (g.r.c.)
The experimental results used in this section are taken from work 
(7.2)by Allen using two types of g.r.c. described as 'Elkalite' and 
'B.R.E. material'. Fibres were short C43-50 mm) and randomly 
orientated in one plane. The 'Elkalite' material used a highr 
alumina cement matrix, the ‘B.R.E. material'a portland cement 
matrixi
The residual strain v. peak strain results (-£nr and Enp respectively 
in Allen’s notation) are shown in Figure 7.29(a). The linear portion 
BC has the following equation:
G = 0.4 (e - e ) nr np mu
where £ , the matrix failure strain,is quoted as between 200 andmu *
“6 - 6300 x 10 and is taken to be 250 x 10 as an average. The relationship
lies within the theoretical bounds predicted in equations 5.42 - 5.44
for specimens unloaded from below the strain at the end of multiple
cracking, £mc* The strain £np at point C (Figure 7.29(a)) lies close
to the strain £ for the materials, me
The changing stiffness of the g.r.c. composites with increasing peak
strain is shown in Figure 7.29(b) and is of similar form to those
obtained for polyolefin-reinforced cement specimens. The stiffness
recorded by Allen was the almost linear, lower part of the unloading
curve. This is probably close to the tangent reloading modulus at 
24 MN/m used earlier, and certainly the theoretical relationship 
predicted for this material for the tangent modulus is a good fit to 
Allen’s experimental results, as can be seen in Figure 7.29(b). In
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FIGURE 7.29 Results of Allen for g.r.c(7’2)
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deriving the theoretical relationship, use has been made of
efficiency factors suggested by Allen and of other composite
2 2parameters quoted, for example, E^ , = 72 GIM/m , Em 'v 28 GN/m ,
e 'V 250 x 10~B. mu
Allen noted that, at high peak strains, the stiffness of the cracked 
composite approached that due to the fibres acting alone.
6 .7 .2 . Kevlar-reinforced cement
The experimental results used in this section are taken from work by
(7 3)Walton and Majumdar * on cement composite specimens reinforced with
short (51 mm), randomly aligned fibres of Kevlar, an aromatic amide
polyester. The fibre itself is, essentially, a linear elastic material
2with a modulus of 130.GN/m .
Residual strain and stiffness results are given in Figure 7.30(a) and
(b) for the normally cured specimens. In Figure 7.30(a) a line of 
best fit drawn through the results for strains less than about 0.7% 
has the equation:
e = 0.5 (e - emll) r p mu
that is, similar to upper bound theoretical relationship (equation 5.42) 
for specimens unloaded before multiple cracking is completed.
Once again, the stiffness of the composite falls rapidly as the 
unloading strain (or peak strain) increases in Figure 7.30(b) and the 
experimental data lie close to the theoretical relationship for the 
reloading tangent modulus. It is not clear from the experimental data 
how the changing ’stiffness' of the composite was assessed and this 
may account for the theoretical relationship lying below the 
experimental data.
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Residual strain versus peak strain for normally cured Kevlar-OPC 
composites (points obtained from four samples: triangles show individual 
results, circles show coincident results)
0 0-2 0-4 0-6 0-8 10 V2 V4 1-6
Previous peak strain(2)
(  b ) Stiffness versus peak strain for normally cured Kevlar—OPC composites (points 
obtained from four samples: triangles show individual results, circles show 
coincident results)
FIGURE 7.30 Results of Walton and Majumdar for
Kevlar-reinforced cement f 7 3- 1
\
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It is interesting to compare the experimental results for the changing 
stiffness of Kevlar, glass and polypropylene-reinforced cement 
specimens. The data in Table 7.5havebeen taken from Figures 7.16, 
7.29(b) and 7.30(b).
TABLE 7.5. Comparison of reloading moduli (from experimental data)
Unloading Strain
%
Reloading/Unloading Modulus 
GN/m2
Polypropylene
(E„ 'v 4 GN/m2) f
g m r. c.
CE 'V 70 GN/m2 )
Kevlar
CE- 'v 130 GN/m ) f
D. 1 ^ 13 -v 9 'v 12
0 . 2 % 8 'Xj B a. 8
0.5 0/ 3 % 2.5 n, 3
1 . 0 A/ 1.5 1 'V 1.5 'v 1.5
The three materials have in common a matrix of similar properties and 
Table 7.5 emphasises that, for the unloading strains considered, it is 
the matrix characteristics that dominate the changing composite 
stiffness rather than the very different fibre moduli or fibre volume 
fractions of the materials.
7.7.3. Polypropylene-reinforced cement
The results reported in this section are part of an extensive 
durability programme for polypropylene-reinforced cement being 
carried out by Hannant at the University of Surrey. Specimens used 
are reinforced by 6% film volume in the longitudinal direction and
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3% transversely and half of the exposure specimens have been pre­
cracked by loading to a strain of 0.5%. The programme is not yet
completed, but some of the results obtained have been discussed
(7.4)recently in a paper on the autogenous healing of cracks.
Typical residual strains on unloading from 0.5% strain are about
0.16% or 0.32 x (unloading strain). This is on the lower bound of 
the theoretical relationship,appropriate to the minimum crack 
spacing x^probably because the presence of lateral fibres initiated 
more cracks than for specimens containing aligned films only.
(7.5)Some of Hannant's data may be used to illustrate, experimentally,
the effect that changes in matrix properties - due to natural
weathering - have upon the reloading modulus. Figure 7.31 shows two
2theoretical curves for the secant reloading modulus at 4 MN/m as
a function of unloading strain. In deriving the lower curve A, the
matrix properties measured from tests on 28 day old specimens were
used. For the upper curve B, matrix properties recorded from three
year specimens were used. For the 28 day specimens, the measured
2reloading secant modulus was 3.9 GN/m , close to the theoretical 
value on curve A. For the 3 year specimens, which were uncracked
until tested at 3 years, the reloading secant modulus was about
2 2 8 GN/m , somewhat below the theoretical value of 10 GN/m , but
nonetheless, it is evident that the increase in modulus of the
three year compared to the 28 day specimens can be explained in
terms of changing matrix properties.
The effect of crack healing, incidentally, is to increase dramatically
the reloading modulus.' Specimens which were initially cracked at 28
days by straining to 0.5% had a measured secant modulus, after two
2years of natural weathering, of about 30 GN/m , three times the 
theoretical value
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7.8. CYCLIC LOADING IN TENSION - ENERGY ABSORPTION
It is apparent from Figure 7.1 that the area within the unloading/ 
reloading hysteresis loop, and hence the energy absorbed by the 
composite specimen in cyclic loading, increases as the unloading 
strain increases.
Section 5.9 considered, on a theoretical basis assuming a linear 
frictional stress transfer between fibre and matrix, the energy 
absorbed by a cement composite. Particular expressions were 
derived for the energy absorbed per unit volume of composite 
(equal to the area within the hysteresis loop of a stress-strain 
curve) when unloading took place from a strain at the end of 
multiple cracking. Areas of experimental hysteresis loops have 
been assessed for some polypropylene specimens which have an 
unloading/reloading loop close to the end of multiple cracking.
These are plotted against the fibre volume fraction of the specimen 
in Figure 7.32 and compared with the theoretical relationship 
obtained from equation 5.84. It can be seen that the simple 
assumption of energy absorbed by a frictional interfacial shear 
stress leads to a theoretical expression which is a very reasonable 
fit to the experimental data.
It is interesting to note that the energy absorbed in the hysteresis
3
loops relevant to Figure 7.32, about 40 kJ/m , is almost an order of
magnitude greater than the energy absorbed by an asbestos-cement
3 C 7 6 3specimen to failure (about 5 kJ/m ).
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7.9. RESULTS OF TENSIQN-COMPRESSIDN TESTS
From the eight special polypropylene-reinforced cement specimens 
manufactured, one was used as a trial for the test procedure, 
the X-Y-Y record of a second specimen was erratic due to power 
supply fluctuations, and a third specimen broke prematurely 
during the tensile loading phase. Of the five remaining specimens 
tested, four were unloaded from a tensile strain of 2.5% before 
being loaded in compression. A typical test result is shown in 
Figure 7.33(a). The fifth specimen was unloaded from a strain of 
4% before being compressed (Figure 7.33(b)). The specimens had 
fibre volume contents in the range 6.5 - 7.5%.
Tension-compression stress-strain relationships are plotted in 
Figure 7.34 in which the results of the specimens unloaded from 
2.5% have been averaged. The experimental direct compression- 
stress strain curve of the uncracked matrix is drawn for comparison.
The specimen residual strain is reduced by compressive loading as 
the residual crack widths (estimated to be about 0 . 0 1  mm) close 
and as the composite material itself between cracks is reduced in 
length. As the compressive load increases, the stiffness of the 
composite tends to approach the stiffness of the uncracked material.
Since the fibres are flexible, a very small compressive load should 
close the cracks, although the buckled form of the fibres across 
the crock will tend to resist the crack closing completely. In 
practice, the uneven crack faces are likely to remain locally in 
contact. As the load is increased in compression, the local contact 
area increases until at zero strain, most of the crack faces will be
240
2 2 stress MN/m stress MN/m
FIGURE 7.33 Tension-compression test results.
compressive 
stress MN/m
•FIGURE 7.34 Tension-compression relationships.
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in contact and the composite will then behave as a stiff, uncracked 
material in compression. The real behaviour, therefore, lies 
somewhere between an immediate full recovery of strain followed by 
'perfect' compressive behaviour from zero strain (path ABOX) and 
immediate 'perfect' compressive behaviour originating from the 
initial residual strain at zero load (path ABY).
7.ID. CONCLUSIONS
1. Residual strains at zero load for polypropylene-reinforced cement 
specimens are 35-45% of the strain from which unloading began. For 
high modulus polyethylene-reinforced specimens, residual strains are
a higher proportion - about 6 6% of the unloading strain. The residual 
strains are reduced (by about one-sixth of their initial values) if 
specimens are allowed to recover at zero load.
2. There is a marked fall in the value of the tangent reloading
2modulus at a stress of 4 MN/m as the unloading strain increases
above the matrix cracking strain'. At higher unloading strains,
the reloading modulus approaches a lower limiting value which is
the stiffness of the fibre fraction alone, i.e. E^Vp. A secant
2reloading modulus at 4 MN/m shows a similar trend. Prior to 
reaching the lower limiting value, the reloading modulus is 
relatively unaffected by fibre volume content. Some distinction 
was observed between polypropylene and high modulus polyethylene- 
reinforced specimens but this can be explained by a difference in 
matrix modulus rather than fibre modulus.
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3. The theoretical predictions of cyclic loading behaviour in 
Chapter 5 tallowing for inelastic fibre behaviour) are a good 
estimate of the observed experimental behaviour, particularly 
at strains less than about 2-2.5%. The predicted recovery of 
strain at zero load is not apparently achieved, however, probably 
due to the influence of loose matrix debris wedging cracks apart.
4. The cyclic loading behaviour of glass-reinforced cement and 
Kevlar-rein-forced cement [reported elsewhere) is described with 
reasonable accuracy by the theoretical analysis developed. A 
comparison of the reloading moduli of glass, Kevlar and poly­
propylene-reinforced cements (with similar cement matrices) 
indicates similar values of reloading moduli for a given unloading 
strain. This supports the theoretical argument that the falling 
part of the reloading modulus - unloading strain relationship is 
dominated by matrix, rather than fibre, parameters.
5. Measured values of energy absorption in cyclic loading (from 
the area of a hysteresis loop at the end of the multiple cracking
3
region) for polypropylene-reinforced specimens of about 40 kJ/m 
are in good agreement with theoretical predictions developed in 
Chapter 5.
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CHAPTER 8
THEORETICAL FLEXURAL BEHAVIOUR OF CEMENT COMPOSITES
8.1. INTRODUCTION
The aim of the work reported in this chapter is to predict the flexural 
performance of a polyolefin-reinforced cement composite from a knowledge 
of the behaviour of the composite material (i.e. fibres + matrix) or of 
the individual constituents in direct tension and compression.
Two approaches are adopted which will*be termed the continuum approach 
and the crack development approach.
(a) The continuum approach
In this approach the presence of cracks in the tension zone of the 
flexural specimen is not considered directly and the composite material 
is treated as a continuum. Plane sections are assumed to remain plane,
i.e. the strain distributioni.is everywhere linear, and the stress and 
strain distributionsacross the section are taken to be the same at every 
cros.s-section in the constant moment region (Figure 8.1(a)). Strains 
throughout the depth of a flexural specimen are related to stresses 
throughout the depth via stress-strain relationships obtained either 
experimentally in direct tension and compression or from a theoretical
basis (e.g. ACK theory) which is appropriate for the material under
, . (8.1, 8.2, 8.3) . . . .. . . ,test. The presence of cracks is l-mplicit m  the shape
of the tensile stress-strain relationship used but is not explicitly
considered in the flexural analysis. The advantage of this approach
is that it lends itself to relatively straightforward analysis; in
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neutral axis depth
(a) The continuum approach
neutral axis at 
crack
(b) The crack development approach
FIGURE 8.1
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particular the deformation at any particular loading may be assessed
using moment-curvature relationships derived from standard bending
theory. The flexural performance so predicted has, for certain cement 
(8 1 82)composites , ' ’ ' correlated well with experimental data. This
approach is outlined in more detail subsequently and the development 
of the load-deflection response of a typical polypropylene-reinforced 
cement is given as an illustration.
Accepting the continuum approach as potentially useful, it is argued 
that the form of the direct tension stress-strain curve on which this 
approach is usually based (i.e. a trilinear tensile stress-strain curve) 
is inappropriate in the flexural situation. An alternative interpretation 
of the tensile stress-strain behaviour of a cement composite is given 
and used to derive the flexural behaviour, with interesting results.
Fundamentally, however, an approach treating a cracked cement composite 
as a continuum is incorrect and the complete flexural response cannot 
be understood unless an attempt is made to consider explicitly the 
presence and development of cracks.
(b) The crack development approach-
In reality the stress and strain distribution along the length of the 
constant moment region of a cracked cement composite in flexure is 
highly non-uniform. In Figure 8.1(b) one crack has just formed in the 
flexural specimen. At the crack the matrix strain is, in effect, 
infinite; at the crack'faces the matrix strain is zero. The neutral 
axis at the cracked section is, for flexible fibres in a stiff matrix,
close to the compression surface of the specimen. Remote from the
crack the composite is presumably behaving 'elastically' with the 
neutral axis close to mid-depth and the matrix tensile strain below
the cracking strain of the material in this region.
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The crack development approach does not use the stress-strain 
behaviour of a tensile specimen but concentrates upon the behaviour 
of the cracked section and upon the influence of this section on 
the remainder of the specimen. The analytical treatment developed 
subsequently is approximate but it does lead to a more realistic 
understanding of the flexural behaviour of polyolefin-reinforced 
cement composites.
6 .2 . THE-CONTINUUM APPROACH ■
8 .2 .1 . Theoretical Flexural Behaviour based upon Idealised'Trilinear 
Tensile Stress-Strain Curves
8.2.1.1. Analytical Procedure-■
The basis for this approach is the use of uniaxial stress-strain 
relationships obtained for the composite material. Experimentally 
obtained relationships such as those shown in Figure 8.2(a) may be 
used; alternatively the theoretical trilinear tensile stress-strain 
relationship proposed in the basic ACK theory3 may be adopted together 
with, typically, an assumed linearly elastic compressive behaviour, as 
shown in Figure 8.2(b). For any (linear) strain distribution across 
the depth of the flexural specimen, the corresponding stress at each 
strain level can be derived directly from the tensile and compressive 
stress-strain curves. Thus, using Figure 8.2(b) as a basis,Figure 8.3 
indicates three types of stress distribution that must be considered 
during the loading process.
Two ahalytical procedures may be used to obtain theoretical moment- 
curvature relationships for cement composites of known matrix and 
fibre properties and composition:
stress
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FIGURE 8.2 Uniaxial stress-strain relationships.
(a) general strain 
distribution
Cb)
t mu
E £ c c
(c)
£ <£,££ mu t me
(d) 
e  <£^< e
FIGURE 8.3 Stress distributions in Flexure ((b),(c),(d)3
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(a) qn exact procedure, suitable only for the idealised 
relationships of Figure 8.2(b), involving the solution of algebraic 
expressions from which the neutral axis depth and consequently the 
moment acting and curvature induced may be calculated at various 
stages of the loading process.
(b) an iterative computational procedure for neutral axis calculation, 
in which the specimen depth is modelled as a series of layers of 
composite material acting in direct tension or compression.
Procedure (b) may be used for any shape of tensile and compressive 
stress-strain relationship and for composite specimens in which 
composite parameters, e.g. fibre volume content and fibre modulus, 
vary over the dejnth of the specimen.
The procedure, which in principle is also used for the analysis in 
section 8 .2 .2 .3 which follows, is in summary as follows (with reference 
to Figure 8.4).
1. Input the extreme compressive, strain, e^.
2. Postulate the neutral axis depth d . An initial valuen
of d = d/ 2 is used, n
3. Calculate ^  £ 3 ' en assuming a linear strain 
distribution.
4. Hence, from the assumed stress-strain relationships., 
calculate cr^ , o2, a .
5. Calculate the sum of the longitudinal internal forces, 2lH.
6 . Adjust the neutral axis depth until £.H is approximately 
zero. This may be done on a trial and error interactive basis 
but is obviously achieved more efficiently by an automatic 
procedure involving a gradual refinement of neutral axis depth.
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n
FIGURE 8.4 Layers model
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7. Calculate the applied moment, M, from its equilibrium with 
internal forces.
8 . Calculate the curvature, ({>, from the strain distribution, 
where (J) = ( |e^ | + |enl )/d.
51 levels (i.e. 50 composite layers) were used in the analysis. The 
neutral axis depth was considered to have been located with sufficient 
accuracy when XH was less than about 0 .1% of the tensile or 
compressive forces present in the section. The accuracy of this approach 
was checked by comparing, for a typical polypropylene-reinforced cement 
composite, the calculated moment-curvature relationship with that deduced 
from the 'exact' equation approach (a) above,
8 .2 .1 .2 . Moment-curvature-relationship-for typical polypropylene-reinforced 
cement composite'
A typical 'moment-curvature CM— ) relationship derived using the simple 
computer analysis is shown by the solid line in Figure 8.5, for which 
the following parameters were assumed:
2fibre modulus, = 3  GN/m
fibre volume content, V- = 6 %f
2matrix modulus, E = 3 2  GN/mm
matrix failure strain, e = 300 x 10mu
Additionally, the size of flexural specimen was taken to be 50 mm wide by 
5 mm deep, typical of the size of cross section of coupons used in standard 
flexural testing.
In Figure 8.5 the point at which the tensile surface cracks, i.e. the 
limit of proportionality (LOP) or the end of the linear part of the M -<j> 
relation's hip, has been marked and it will be noted that this is not
mo
me
nt
 
kN
-m
m
251
FIGURE 8.5 Moment-curvature relationship for a typical
polypropylene-reinforced cement composite specimen.
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accompanied by a substantial change in the M -<J> relationship, which
continues to be approximately linear up to a moment almost twice that
at which the first crack should appear. A marked deviation from
(8 1)linearity is frequently termed the Bend-Over Point or BOP. Allen 
considers that a flexural test is very insensitive to the way a fibre 
cement material first cracks and that the deviation from linearity as 
matrix cracking occurs in a bending test cannot be located with the 
same precision possible in a direct tension test. Figure 8.5 supports 
this from a theoretical basis, but in fact, experimental results 
presented in Chapter 9 indicate that, for polyolefin-reinforced cement 
composites, there is a marked departure from linearity (albeit at loads 
slightly higher than the theoretical LOP). Furthermore, the moment 
capacity at a given curvature suggested by the approach above is not 
achieved.
The moment-curvature relationship shown as a dashed line in Figure 8.5
has been derived using the non-linear stress-strain relationship for the
matrix in compression,- determined from compression tests on the matrix
and outlined in equation 4.1 , Section 4.2.3.2. The initial modulus of
this relationship, which is taken to apply to composite behaviour also, 
2was 28 GN/m . It can be seen that the M -(f) relationship is relatively 
insensitive to changes in the assumed compressive behaviour. The 
assumption of a linear compressive relationship with a modulus equal to 
that of the tensile modulus of the uncracked composite , therefore, 
simplifies the analytical procedure without any great loss in accuracy 
of the results.
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Load-deflection relationships have more significance in practice than 
moment-curvature (M - <J>) relationships. For an elastic material and 
a particular loading arrangement and span, the load-deflection 
relationship is simply obtained from the M - (j) relationship. For an 
inelastic material such as a cement composite for which the M - <j> 
relationship (derived from a continuum basis) is partly non-linear, 
as in Figure 8.5, the curvature-deflection transformation is more 
complex.
Consider a third point loading arrangement, as shown in Figure 8 .6 (a), 
typical of a standard flexural test. The bending moment diagram is 
given in Figure 8 .6 (b), from which P = 6 M/L, and if the material was 
elastic, the curvature diagram would be as Figure 8 .6 (c). The central 
deflection, 6 , assuming this curvature distribution, may be calculated
8.2.1.3. The Load-Deflection Relationship
as:
ii-L. ^ [_2 8.1216 * .c ’
where is the constant curvature in the central third of the span.
For a material with a M - $ relationship similar to Figure 8.5 however, 
the curvature distribution has the form shown in Figure 8 .6 (d). If 
the curvature in the central’ third of the span remains (f> , then the 
central deflection &c arising from such a curvature distribution will 
be less than that given by equation 8.1. This may be illustrated in 
simple fashion by considering the curvature distribution as shown in 
Figure 8 .6 (e), from which the central beam deflection, 6 , may be calculated 
as:
6 ="4. .<)> . L2 8.2
i.e. about 35% less than that calculated by equation 8.1. The deflection
(a) Loading arrangement
(b) moment diagram
TT <f> = PL/6 EIc
(c) curvature - elastic material
(d) curvature - inelastic material
= □
f
<{>= 4>
(e) ’extreme’ curvature distribution
FIGURE 8 . 6 Curvature distributions.
for a realistic curvature distribution such as that in Figure 8 .6 (e/) 
will lie somewhere between the bounds given by equations 8.1 and 8 . 2 The 
mean relationship is given by
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and the bounds lie ± 2 1 % either side of this relationship.
A method to calculate deflections from a curvature diagram such as that
(8 5)in Figure 8 .B(-d3, based upon the moment-area theorems , " is given in 
Appendix B.
8.2.2. Theoretical-flexural behaviour-based'upon an alternative view 
of the tensile stress-strain'curve
8.2.2.1. A fresh look at the stress-strain curve in direct tension
Consider a length, L, of composite containing a uniformly distributed
fibre volume content, Vp, of continuous, aligned fibres of modulus E_p.
The uncracked composite modulus is Ec> It is assumed that there is a
very small variation in the matrix failure strain, £ , such that cracksJ mu
form successively (rather than all at once). The specimen is tested in 
a test machine, assumed to be of infinite stiffness, which imposes a 
constant cross-head movemeht, or constant rate of extension of the 
specimen.
Just prior to the first crack forming, the specimen sustains a stress of
E .£ . If this stress is to be maintained after the specimen has beenc mu
completely traversed by a crack, then at the crack the fibres must sustain
a stress of E .£ ,,/V„. This implies a local increase in fibre strain, and c mu f ^
also, unless this increase is restricted to an infinitesimal distance each 
side of the crack, a very rapid increase in the extension of the specimen. 
If, under the test system, this increase in extension is greater than the 
equivalent movement of the cross-head of the testing machine in the same
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time increment, then the load on the specimen must reduce to maintain 
the appropriate specimen length imposed by the cross-head movement.
(The very rapid increase in extension could be accommodated if the 
test system operated at a' constant rate of loading, rather than at a 
constant rate.of extension).
Note that if the increase in fibre strain and stress is to be restricted 
to an infinitesimal length of fibre, an unrealistic, infinitely large 
interfacial bond stress must act between matrix and fibre.
Let the reduction in load on the composite produce a fibre stress at
the crack of g ^ i.e. the composite stress reduces to ocr (= G^.V^).
It is assumed that the linear stress transfer zone on reduction of
load is the same as it would be if the load E .0 was sustained.c mu
This transfer length has been commonly called x*. Outside the transfer 
zone, the composite stress is also G^.Vp, but the composite strain is 
given by:
If the extension of the fibre length, L, before the crack formation 
is to equal the extension instantaneously after crack formation, then:
0a 6.4
The average strain in the fibre in the transfer zone (x either side
of the crack) is therefore (Figure 8.7):
e
h Ccrf .Vf/Ec + Gf/Ef) 8.5
0 .L = 0 (L-2x ) + 0 .2x .mu a 8.6
Substituting for 0 and 0 and rearranging yields the composite stress,a
G after crack formation as:or
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FIGURE 8.7 Strain distributions in fibre and matrix,
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°cr " CW  = ' T  8 ' 7Cl+«/2.2x /L)
where a V /E„ V,, as usual,m m f f
Note that when 2x^ is infinitesimally small, the composite stress
remains at E .£ ,, after crack formation, c mu
The composite strain, £ , outside the transfer zone immediately aftera
crack formation is given by:
£ £mu 8 . 8a  j-
(1 + cc/2#2x /L)
and a further crack will not form until this strain increases at
least by a factor (1 + 2x,/L) i.e. until the composite stress
from equation 8.7 returns to E .£M c mu
If it is assumed that the transfer length x' remains constant as the 
composite stress is returned to its original value, then the behaviour 
described above can be related simply to the normal ACK stress-strain 
relationship, shown in Figure 8 .8 (a). Suppose that as multiple cracking 
develops, cracks are spaced a distance 2 x* apart, and that when multiple 
cracking is eventually completed there are n cracks in the composite 
length_L, in which case:
n.2x* = L 8.9
After the first crack forms, therefore, the stress will become, from 
equation 8.7:
a = (dp.VJ = ,Ec* emLi 0 .1 0 .or f f   -T=---1+ cc/2n
If the region AB in Figure 8 .8 (b) is equally divided into n sections, 
then each strain increment is due to one additional crack forming.
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stress
FIGURE 8.‘8 Tensile stress-strain paths.
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The total strain increment, due to n cracks is <*.£ /2„ It can bemu ■
seen on Figure 8 .8 (b) that the reduced stress given by equation 8.10 
is represented by the stress 0C. The stress-strain path followed by 
the specimen is 0 to A, when the first crack forms, A to C 1, then C 1 
to D, when the second crack forms. By a similar argument, it can be 
shown that should p cracks develop at the same instant (rather than 
successively), then the composite stress c?cr, instantaneously reduces 
to:
a = (a-.VJ = Ec' £mu 8 . 1 1cr f f    7_ •>(1 + pcc /2n)
which is given by the stress OP in Figure 8 .8 (b). The stress-strain
path followed in this case is 0 to A, when p cracks form, A to P*,
I t hthen P to Q when the (p + 1) crack forms. Note in Figure 8 .8 (b)
that the paths 0 0 and 0 Q can be thought of as the loading stress-
strain relationship of ’precracked' specimens with, respectively, 1
and p crack planes introduced.
A reasonable model of the stress-strain behaviour of a composite 
according to this interpretation of the loading history, therefore, 
is given in Figure 8 .8 (c) for the case when n cracks form successively. 
The stress-strain path OAc/dd'e etc, is followed. At the instant of 
each crack formation, the load on the composite drops to a value at the
same strain but on the assumed linear stress-strain relationship of the
"pre-cracked" specimen. The fall-off in load (or stress) decreases as 
each successive crack forms.
Figure 8 .8 (c) is important and useful since it emphasises that unless 
loading occurs at a constant rate of stress, the horizontal, multiple 
cracking line in Figure 8 .6 (a) is not a smooth continuous relationship.
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The stress E .£ is only maintained at a number of discrete strain c mu J
values between £mu and £^c appropriate to ”fully-^ opened” cracks.
In deriving Figure 8 .8 (c) it was assumed that the stress transfer zone 
remained x* each side of the crack. In fact, at the reduced stress 
given by equation 8.7, if the bond stress is constant, the transfer 
zone reduces below 2 x*, which has the effect of increasing the 
composite stress predicted by equation 8.7. This is evident in 
Figure 8 .8 (dj in which the curve Oc'd is a more realistic represen­
tation of the loading curve of a 1pre-cracked' specimen, taking into 
account as it does an increasing length of stress transfer zone with 
increasing composite stress. Furthermore, the unloading of the stress 
transfer zone associated with any crack is more complex than that 
implied by the model which results in Figure 8 .8 (c).
Nonetheless, the stress-strain relationship of Figure 8 .8 (c) could 
represent a more appropriate, idealised behaviour of a composite 
undergoing a constant rate of cross-head movement test than the 
normal ACK relationship, particularly when used as a basis for 
predicting the flexural behaviour from direct tensile behaviour.
It is worth noting from equation 8.7 that the exact form of the type 
of stress-strain curve in Figure 8 .8 (c) is a function of the length of 
the specimen and the final crack spacing (i.e. when cracking is 
complete) as well as the value of *. For example, for a specimen of 
length, L, of 300 mm with a final crack spacing (2xZ of 2 mm and 
for which * = 150, then equation 8.7 yields:
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If L = 50 mm, 2x = 2  mm, « = 150
0.25
If L = 300 mm, 2x .= 1 mm, * = 150
Ocr 0.80
If L = 300, 2x-' = 1 mm, « = 50
0.92
For low values of * appropriate to asbestos-cement and glass-reinforced
The normal ACK relationship, which can be regarded as an upper bound 
envelope to the behaviour of Figure 8 .8 (c) is, of course, independent 
of final crack spacing and specimen length.
In practice, while some fluctuations of load during cracking of a 
composite are common (see Figure 7.7 for some particularly large 
fluctuations in a specimen in which the final crack spacing was large), 
the behaviour suggested by Figure 8 .8 (c) is not normally recognisable 
under test conditions of constant cross-head movement, for three 
principal reasons.
(i) The rate of cross-head movement usual during testing may be such
that the response of the recording system is too slow to pick up rapid
load changes. Typically, the process of a crack forming, the load
dropping off and the specimen extending until the load is restored to
the value E . e may result in an extension of 0.1 mm in a 300 mm c mu J
cement, Gcr- —  1
E .e c mu
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specimen. At a cross-head movement of 20 mm/minute this would take
0.3 seconds to achieve.
(ii) The cross-head may, in fact, instantaneously move by small 
amount since the test machine is not stiff enough to prevent this 
happening.
(iii) The 'unopened* crack may remain load-bearing and the fibres 
may only gradually pick up load as the crack faces move apart.
Indeed, the* concept of a crack instantaneously appearing across the 
section (where no crack previously existed) is an over simplification 
which ignores the complex processes of crack propagation and growth.
Thus, in practice, little departure is apparent from the type of
idealised ACK stress-strain curve in direct tension. In flexure,
however, the type of behaviour described above, which implies a
fluctuating load-extension relationship for a length of composite
under constant cross-head movement, may have a greater effect upon
the flexural behaviour. It was noted that, in the direct tension
case, the load returned to the 'ACK value' of E ,£ . i.e. the upperc mu
envelope of the load fluctuation. For the flexural behaviour, the 
fluctuating direct tensile stress-strain curve (Figure 8 .8 (c)) 
produces reductions in flexural loads as cracks form, but the load 
which would have been sustained, had the stress-strain path been 
horizontal, is not regained. This will become apparent in Section 
8.2 .2 .3.
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8 .2.2.2. The tensile zone in a flexural specimen using a 
continuum approach
If the depth of a flexural specimen is considered as a series of 
layers of composite under uniaxial tensile and compressive stresses, 
then any tensile layer is constrained, by other layers and by the 
constant rate of movement of the load points in a standard test, to 
deform at a steady rate. Thus, rapid increases in strain in a layer 
cannot be accommodated so that the load in a layer of composite in 
which a crack (or cracks) has just formed must reduce. A tensile 
stress-strain model similar to that of Figure 8 .8 (c) is considered, 
therefore, to be more appropriate for use in predicting flexural 
behaviour.
Consider the analysis of a flexural specimen in Figure 8.9(a) for the
case when a particular surface tensile strain, (i.e. the average
composite strain over length AB) has been assumed. By adopting the
normal ACK stress-strain relationship, the shape of stress distribution
over the depth of the composite would be as shown in Figure 8 .9 (b).
However, with reference to Figure 8 .8 (c), if the value of the assumed
tensile strain lies at position F between A and D at which the
stress E .£ is sustained, then a reduced stress (0Ff) is appropriate c mu
in this layer at this strain since the system prevents a rapid increase 
in strain at constant stress along the path AD. Even if the bottom 
layer is strained to the value at D, tensile layers towards the neutral 
axis will be at a lower strain and sustaining a lower stress (than 
Ec‘£mu^' based on Figure 8 .8 (c). A more appropriate type of stress 
distribution is considered to be that shown in Figure 8 .9 (c), therefore. 
For the assumed strain distribution of Figure 8 .9 (d), in which the 
extreme tensile strain, e /  has reached the level at position G in 
Figure 6 .8 (c), the stress distribution in Figure 8 .9 (e) may be used to
(a) Flexural specimen
STRAIN
(b) Stress distribution 
from normal ACK 
stress-strain curve
(c) Stress distribution 
based on 
Figure 8 .8 c
(d) Surface strain
increased to e' t
Ce3 Stress distribution based 
on Figure 8 .8 (c)
FIGURE 8.9
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8 .2 .2 .3. Moment-curvature relationships using revised tensile 
'stress-strain'relationships
The same principles, outlined in Section 8.2.1.l*have been used to 
derive the moment-curvature (M-<{)) relationships discussed in this 
section from the various tensile stress-strain relationships proposed. 
Behaviour in compression is assumed to be linear elastic with a 
modulus equal to E , the uncracked composite modulus in tension.
(a) Low modulus polypropylene-reinforced cement composite
The following composite parameters have been assumed in the analysis:
2fibre modulus, E„ - 3 GN/mf
fibre volume content, V„ = 6 %T
matrix modulus, E = 3 2  GN/m2m
— Bmatrix failure strain, e , = 300 x 10mu
strain at end of multiple cracking, emc = 3.33%
A specimen size of 50 mm wide by 5 mm deep has been adopted.
Moment-curvature relationships are shown in Figure 8.11, derived 
from six types of tensile stress-strain paths, shown schematically 
in Figure 8.10 and labelled A to F. In relating the development 
of cracks on the stress-strain path to the development of cracks 
in a flexural specimen, it may be helpful to imagine that the 
stress-strain paths drawn have been obtained from a tensile specimen 
equal in length to the constant moment region in a flexural test,
i.e. AB in Figure 8.9(a). The tensile specimen is very thin so as 
to represent a layer of composite in the tension zone of the flexural 
specimen. In other words, cracks forming progressively on the
predict the load-carrying capacity of the composite section.
stress
E e c mu
strain
FIGURE 8.10 Tensile stress-strain paths.
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moment kN-mm
FIGURE 8.11 Moment-curvature relationships for typical polypropylene 
reinforced composite derived from stress-strain paths 
of Figure 8.10.
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stress-strain path are equivalent to cracks forming in a thin layer 
of composite specimen within the constant moment region. In direct 
tension, the end of multiple cracking is reached after n cracks 
have formed, and similarly, the constant moment region is fully 
cracked when n cracks have formed. A brief description of each 
stress-strain path in Figure 8.10 follows;
Path A is the normal ACK stress-strain curve. At position 1 the
matrix failure strain £mu is reached and multiple cracking occurs
at constant stress E .0c mu
Path B results if all the n cracks form at the same instant 
immediately the matrix failure strain reaches £mu i.e. at position 1 '.
Path C results if n/2 cracks form at position 1 and the remaining 
n/2 cracks form when the composite stress is restored to E .£ atc m  Li
position 2 . If Z is the number of positions at which cracks form
at the stress E ,£ then Z = 2 in this case,c mu'
Path D CZ= 53 results if n/5 cracks form on each occasion when the 
composite stress reaches Ec.£m(j (except at position B, the end of 
the multiple cracking region).
Path E (Z = 10) results if n/10 cracks form on each occasion when
the composite stress has a value Ec*£mu" Note if n equals 10, single
cracks form successively. The formation of ten cracks might be a 
reasonable number in the 45 mm long constant moment region of a 
standard flexural test i.e. a crack spacing of about 4.5 mm.
Path F (Z = 40) results if n/40 cracks form at each cracking position.
The M-(}> relationships which result from the adoption of these differing 
tensile stress-strain relationships are shown in Figure 8.11. The
ringed numbers e.g. ©  indicate positions at which cracks form and 
relate tc correspondingly numbered positions on.the stress-strain 
paths. The following important points emerge from Figure 8.11.
(i) As Z increases, the M-(j) relationship approaches that derived 
from the normal ACK curve (A). This forms an upper bound to the 
M-(f) relationships. A lower bound (curve B on Figure 8.11) is 
derived from the stress-strain path B which results from all cracks 
forming at the same instant.
(ii) The reduction in moment sustained as the first crack forms, 
assuming that the cross-head is stationary instantaneously, decreases 
as Z increases. This is to be expected as the stress-strain paths 
show a similar trend.
(iii) As subsequent cracking progresses, there is a gradually 
decreasing influence of cracking upon the shape of the M—cj> curve.
In fact, the formation of the second, third, etc. cracks on curve 
F is barely perceptible.
(iv) Although in Figures 8.10 B-F the tensile stress is eventually
restored to the ACK upper bound value (E .£ ) after crack formation,c mu
the moment sustained is not restored to a value on the upper bound
|j-(J) relationship derived from the ACK stress-strain path, since the
upper bound stress value E .£ does not exist uniformly throughoutc mu
the tensile zone.
(v) By experiment, the fall-off in moment, hence load, at the 
formation of each set of cracks may not be detected sines the test 
system is not infinitely stiff, nor is the cross-head stationary 
during crack propagation. Thus sudden increases in curvature, hence
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deflection, may be accommodated at the rate of cross-head movement 
used in the tests. The path OPQRST, for example, in Figure 8.11 
may, therefore, be followed.
(vi) Figure 8.11 suggests that a particular load/moment may be 
tenable at various deflections/curvatures, depending upon the 
sequence in which cracks form and the number of cracks that could 
eventually form.
(vii) It should be noted that the strain on the extreme tensile
surface has not reached a value equivalent to the strain at the
end of multiple cracking (e ) in any of the relationships ofme
Figure 8.11.
Cb) Polyethylene-reinforced composite
The following composite parameters have been assumed in the analysis:
2fibre modulus, E^ , = 1 5  GN/m
fibre volume content, = 6%
2matrix modulus Em = 3 2  GN/mm
— 6matrix failure strain, emu = 300 x 10
strain at end of multiple cracking, £mc = 0.69%
A specimen size of 50 x 5 mm has again been assumed.
The stress-strain paths used to derive the moment-curvature 
relationships in Figure 8.12 are equivalent to paths A, B, C and 
D in Figure 8.10. The following points emerge from a comparison 
of Figure 8.12 with Figure 8.11.
(i) The drop in load on the formation of the first crack(s) is less 
in Figure 8.12. This is due to the corresponding 'precracked’
moment
kN-mm
FIGURE 8.12 Moment-curvature relationships for typical high modulus 
polyethylene-reinforced composite derived from stress- 
strain paths of Figure 8.10
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stress-strain path being stiffer e.g. in Figure 8.10, the section 
OHi of path B is much stiffer for the high modulus fibre composite, 
since the strain at M, the strain at the end of multiple cracking, 
is much lower than for the low modulus fibre composite.
(ii) For a similar reason, the M-cj) relationship for Z = 5 in 
Figure 8.12 approaches more closely the upper bound M-<j) relationship 
than the equivalent Z = 5 relationship in Figure 8.11.
(iii) Points (i) and (ii) taken together may explain why, for some 
cement composites, notably those reinforced by glass fibres (with a 
high modulus compared to polyolefin fibres), the use of the normal 
ACK type of stress-strain curve gives very satisfactory results in 
predicting flexural behaviour.
(iv) Note that, in deriving Figure 8.12, at high moments, multiple 
cracking of extreme tensile layers of the specimen depth is 
completed and the ’F^V^’ section of the stress-strain paths A.to D 
(Figure 8.10) is encountered.
8.2.3. An inconsistency in the continuum approach
In adopting a continuum approach, it is theoretically possible for 
the load-deflection behaviour of a cement composite to vary considerably 
between upper and lower bounds, the precise behaviour being dependent 
upon the manner in which cracks develop.
Consider the relationship E (Z = ID) in Figure 8.11. In discussing 
path E in Section 8 .2.2.3, it was noted that if the end of multiple 
cracking in the analogous tensile specimen was reached after 10 
cracks formed, then path E represented the successive formation of 
single cracks. Suppose that this is the case.
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maintained, the curvature in the constant moment region must
increase to the value at Q in Figure 8.11. The continuum analysis 
yields a stress distribution at 0 as shown in Figure 8.13(a), and 
this stress distribution, for the continuum approach, is assumed 
to exist at every section in the constant moment region (Figure 8.13(b|). 
The moment can now be increased until the stress distribution shown in
Figure 8.13(c) is attained, when.a second crack forms - position R on
Figure 8 .11*.
The inconsistency in this approach is that it is unrealistic to assume 
that the presence of a single crack affects the stress distribution at 
every section in the constant moment region. A more realistic 
assumption is that, when the first crack forms, sections remote from 
the crack, yet within the constant moment region, are unaffected by 
the presence of the crack and maintain the applied moment by the 
'elastic' type stress distribution that existed everywhere before 
the first crack formed (as illustrated in Figure 8.13(d)). There 
will undoubtedly be a zone associated with each crack within which 
a redistribution of stresses will occur but this is unlikely to 
extend over the entire constant moment region. Outside this zone, 
therefore, a further cra'ek Cor cracks) must form before the moment 
can increase. When the zones of stress relief associated with each 
crack interact, no further cracks can form until the moment is 
increased.
The presence of stress relief zones associated with each crack will, 
therefore, have a significant effect upon the flexural behaviour 
at first cracking and subsequent to this. The continuum approach 
does not explicitly consider the crack itself and so does not lend
After the first crack forms (position P), if the moment is to be
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(a) Stress distribution at GJ, Figure 8.11
constant moment
r _ „. . ..
region
r
It uniform T"^stress distrif!) jt&on
(b) Uniform stress distribution assumed in constant moment region
4 9.1 MN/m'(E £ )c mu
(c) Stress distribution at R. 
Figure 8.11, just before 
second crack forms
(d) 'elastic' stress distribution 
just prior to a crack forming
FIGURE 8.13 Flexural stress distributions.
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itself to an analysis incorporating stress relief zones. An 
alternative approach is now considered.
8.3. THE CRACK DEVELOPMENT APPRDACH
8.3.1. Fibre stresses at a crack in a flexural specimen
Consider a crack in a flexural specimen (Figure 8.14), and particularly 
a section A-A across the crack. It is assumed that there is a linear 
distribution of strain, e, across the section A-A and that when:
£ 4 e . o = E .e )
mU C ) 8 . 1 2
e > emu a = Ef £
Where a is the stress corresponding to the strain £, Ec is the 
uncracked composite modulus, E^ the fibre modulus. The fibres are 
assumed to be aligned and continuous. By an analysis similar to that 
in Section 8.2.1.1, the moment-curvature (M-(f>) relationship for a 
section with a stress distribution such as that shown in Figure 8.14
and governed by equation 8.12 can be derived. Such a relationship is
shown as a full line in Figure 8.15 for a typical polypropylene- 
reinforced composite, for which:
2matrix modulus, Em = 32 GN/m
2fibre modulus, E^ , = 3  GN/m
fibre volume content, V„ = 6 %
T
— 6matrix failure strain, £ = 300 x IDmu
If the section is to sustain the moment which initiated the crack, 
the local curvature must increase from A to A*. Thereafter the path 
a ''C is followed as the moment is increased. The stress and strain 
distributions at position A* have been drawn on Figure 8.15, from 
which it can be seen that the maximum fibre stress at the crack is
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FIGURE 8.14 Stress distribution at a cracked section.
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estimated to be 81.5 MN/m . In a tensile test, the maximum fibre
stress at the crack - at the same load that initiated cracking -
is given by E .£ ,/V„, which for the example above would be 151.3c my f
MN/m2.
The line OA*C is essentially the M-<f> relationship for a cement
composite with a matrix of zero tensile strength, i.e. corresponding
to a composite with a typical stress distribution in flexure as
shown by Figure 8.16. The analysis of a section with this form of
stress distribution is considerably simplified over that for the
stress distribution of Figure 8.14, with interesting results. The
neutral axis depth (n.d) is a function of * (= E V /EPV J  only andm m f f
the ratio
maximum fibre stress■at■cracking load in flexure
maximum fibre stress at cracking load in direct tensionCE £ /VJ& c mu f
is also solely dependent upon *. The variation of this ratio with
* is shown in Figure 8.17. The development of the relationship is 
given in detail in Appendix :C. For values of * greater than about 50, 
the ratio is relatively insensitive to * and has a value of about 0.55. 
This emphasises how misleading a continuum approach, which adopts the 
generally accepted shape of tensile stress-strain curve, can be.
It is, however, interesting to relate the crack approach to the modified 
continuum approach of section 8 .2.2.3. The M-(}) path B in Figure 8.11 is 
the M-<j> relationship for the 'continuum equivalent' of one crack and the 
transfer zone of composite each side of the crack. This path has been 
redrawn on Figure 8.15 as a dashed curve and is seen to be, not 
surprisingly, stiffer than the 'crack only' model, an effect analogous
(8 6)to the 'tension stiffening' of reinforced concrete theory 0 . For
the continuum model, at the load at which cracking was initiated, the
2
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FIGURE 8.16 Stress distribution (matrix tensile strength = 0)
m m
FIGURE 8.17 Fibre stresses at cracking in flexure.
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maximum composite stress in tension (i.e. at B 1 in Figure 8.15) is
2found to be 4.96 MN/m , which is very close to the equivalent
2composite stress of 4.89 MN/m from the crack only model obtained
from af .Vf, where is the maximum fibre stress in tension and
V _ the fibre volume fraction, f
8.3.2. A model for the formation of flexural cracks in fibre cements.
The modified continuum approach in Section 8.2.2.3 illustrated how 
dependent the flexural behaviour of a fibre cement specimen could be 
upon the manner in which cracks developed. This section outlines a 
rational approach by which the sequence of crack formation may be 
estimated, leading to a better understanding of the form of the load- 
deflection relationship of a fibre cement in flexure.
The following assumptions will be made:
(i) that the matrix has, essentially, a unique failure strain, £mu» 
although there is a very slight variation such that one and only one 
crack forms initially;
(ii) that the first crack forms and propagates when the bottom 
surface tensile stress exceeds Ec*£mu* the composite cracking stress 
in direct tension;
(iii) that around the crack there is a zone of stress and strain 
relief in the matrix, as illustrated in Figure 8.18. Outside the 
zone, e.g. at section A-A, the stress distribution is 'elastic' as 
it was prior to the crack forming* with a neutral axis at mid-depth;
(iv) that the stress relief zone is elliptical in shape; the maximum 
horizontal extent being 3c either side of the crack, where c is the 
crack height. This is generally assumed to be the shape and extent
28-2
A
FIGURE 8 . 1 8 Assumed stress relief zone associated with crack.
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of the relief zone around the Griffith crack in a brittle solid 
(see, for example, reference 8.7). No doubt other assumptions 
are possible for the extent of the stress-relieved zone but the 
above will suffice to illustrate the principle.
Additionally, the assumptions of ACK theory of an elastic matrix 
reinforced with aligned, continuous fibres, with a frictional 
stress transfer between fibre and matrix, are maintained.
The assumed distributions of strain in fibre and matrix in a thin
layer of composite at the bottom surface, of the specimen close to
a crack are shown in Figure 8.19(a). The maximum tensile strain
in the fibres at the crack Ce.g. 2.72% for the composite of Figure
8.15) is given by Outside the transfer zone, in which the
fibre strain reduces and the matrix strain increases, the strain
in matrix and fibre are equal and increase from e'1 in Figure 8.19(a)
to e at the boundary of the strain/stress relief zone. Further mu J
cracking may, therefore, occur outside the relief zone at the same 
load that caused the first crack to form. Thus, the length of the 
constant moment region is broken down by cracks spaced between 3c 
and 6 c apart. These cracks will be referred to as primary cracks.
Consider two primary cracks separated by the average crack spacing 
of (1.364 x 3c) i.e. approximately 4c. The strain distribution in 
fibre and matrix in the thin layer of composite at the bottom 
surface of the specimen is now assumed to be of the form shown in 
Figure 8.19(b). The formation of the primary cracks causes local 
increases in curvature and hence the deflection of the specimen 
increases at constant load, i.e. at the load which initiated cracking.
strain
(tertiary ai 10cracks ft 
formed)
sr final cracks will 
ra form at load P,
FIGURE 8.19 Formation of cracks in flexure.
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If the load is now increased, then, with reference to Figure 
8.19(b), the fibre strain, £„, at the crack increases (as theT
fibre stress increases to sustain the increase in moment) and
the deflection increases. Commensurate with an increase in
is an increase in the transfer length, and in the strains e'
and e'* , until eventually equals the matrix failure strain,
e , at load P., the case shown in Figure 8.19(c). At this mu 1 &
point further cracks - secondary cracks - form midway between 
primary cracks, leading to the strain distributions of Figure 8.19(d). 
Provided the transfer zones do not now overlap, i.e. provided in 
Figure 8.19(c), <  c, then further increase in load to P 2 (with
increasing deflection) in Figure 8.19(e) will result in a tertiary 
set of cracks (Figure 8.19(f)). If, in Figure 8.19(c), £ > c, no
further cracks may form within the constant moment region after the 
formation of secondary cracks. An increase in load results in 
increased deflection as the fibre slips through the matrix along its 
entire length.
In Figure 8.19(.f) the position at which the fourth and final set of 
cracks form is indicated. It can be deduced from Figure 8.19 that 
the final crack spacing in flexure will be similar to that obtained 
in direct tension.
Figure 8.20 indicates the form of load-deflection relationship which 
follows from the crack development of Figure 8.19. In practice, this 
form of the load-deflection curve for a typical cement composite 
specimen in flexure will be complicated,by:
(i) the formation of cracks outside the constant moment region as 
the load increases above that causing first cracking. Although the 
overall deformation of a specimen will be dominated by the constant
286
Load
FIGURE 8.20 Form .of load-deflection relationship arising from crack 
development approach.
287
moment region deformation, the formation of cracks .outside this 
region will increase the central deflection;
(ii) a non-uniform matrix failure strain which will cause cracks 
to form progressively rather than in distinct primary, secondary, 
etc., sets suggested in Figure 8.20.
Nonetheless, the model for crack development forms a useful basis 
for an understanding of the complete load-deflection behaviour of 
a cement composite, as the following section illustrates.
8.3.3. Load-deflection behaviour based Upon the Crack Development 
Approach
Consider the strain distributions in fibre and matrix at the bottom 
tensile surface of a flexural specimen after the primary cracks have 
formed, as represented in Figure 8.19(b). The crack width, w, at 
the bottom tensile surface is dependent upon the relative slip between 
fibre and matrix. The difference in fibre and matrix strain varies 
between at the crack and zero at a distance equal to the stress 
transfer length, %, from the crack face. Hence
w = Gf . 2\ = e^.Z 8.13
T  f
The value of Z may be estimated from a knowledge of the stress transfer 
zone, x*, in direct tension since
Z _ maximum fibre stress at crack in flexure 
x1 maximum fibre stress at crack in tension (Ec.e /V.p)
x 1 may be estimated from the crack spacing measured in direct tension 
testing.
If it is now assumed that the crack width increases linearly from 
zero at the crack tip to a value w at the bottom surface, then the
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relative rotation, 0 , of the composite section either side of the 
crack with respect to a horizontal plane may be calculated, as 
shown in Figure 8.21(a).
0 = w/2c = ef.&/2c 8-14
Suppose that 3 primary cracks form in the constant moment region of 
a typical flexural specimen, as shown in Figure 8.21(b). From the 
analysis for the polypropylene-reinforced composite considered in
Figure 8.15, the crack height was determined as approximately,
4.6 mm. Thus the primary crack spacing, 4c, is 18.4 mm, so the 
formation of 3 primary cracks is reasonable within the 45 mm long 
constant moment region.
If the composite blocks between cracks are considered firstly as 
rigid bodies, the central deflection may be calculated from the 
geometry of the system, Figure 8.21(b), as:
6 = (0 x 4c) + (30 x A ) 8.15o
To account for the curvature of the blocks between cracks,- which 
contributes to the total deflection - the deflection given by 
equation 8.15 is considered as additional to the elastic deflection,
€
SG, (calculated as 0.23 mm), just prior to crack formation.
If 5 is taken to be 1 mm, a reasonable value, then for a typical 
polypropylene-reinforced composite, the additional deflection, 6 , 
due to the formation of primary cracks, equals D.5 mm, as shown on 
the load-deflection curve of Figure 8.22.
The analysis of subsequent behaviour under increasing load, in line 
with the discussion of Figure 8.19, is given in detail in Appendix D.
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■(b) Deflected shape after 3 primary cracks form
(c) Formation of secondarycracks
(d) Formation of tertiary cracks
FIGURE 8.21 Crack development approach
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The same approach as above is used at each stage to calculate 
deflection. With reference to Figure 8.19 at the load P^, two 
secondary cracks (between the three primary cracks) are assumed 
to form, as illustrated in Figure 8.21(c). At load P2, six 
further cracks are assumed to form (Figure 8.21(d)). At the 
formation of each set of cracks, the deflection increases at 
constant load; between the formation of each set of cracks, the 
deflection increases as the load rises. Obviously the more 
cracks present in the specimen, the less stiff is the rising 
load-deflection region.
It is useful to note the physical meaning of the curves of which 
the rising load-deflection sections of Figure 8.22 (i.e. OA, BC,
DE, FG) are part. OAA*represents the behaviour of a specimen with 
no cracks in it, 0*BC the behaviour of a specimen with three pre­
formed cracks in it (at the positions assumed in Figure 8.21(b))
0'*DE a specimen with six preformed cracks in it,etc. The origin 
is displaced to 0 *' for the pre cracked specimens since the assumption 
was made that the deflection, as calculated, due to cracks was 
additional to the elastic uncracked deflection i.e. 00'1 is 0.23 mm. 
The method of calculation of the curves D*BC, 0D*E etc. is given in 
Appendix D.
For comparison, the theoretical load-deflection curve predicted by 
adopting a continuum approach based upon the normal ACK stress-strain 
relationship is shown as a dashed line on Figure 8.22, and can be 
seen to predict a much stiffer post-cracking flexural behaviour than 
the crack development approach suggested above.
With reference to Figure 8.22, increasing the modulus of-the fibres 
reduces the horizontal deflection increment (e.g. AB) and increases
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An increase in fibre volume fraction has a similar effect. This
(88)is in line with experimental observations * where the increase 
in fibre modulus or volume fraction increased the load-carrying 
capacity of a composite at a given deflection. A more unexpected 
consequence emerging from the crack development approach is that 
the stress transfer capability between matrix and fibre has an 
influence upon load-deflection behaviour. A greater stress transfer 
length in equation 8.13 (i.e. a decrease in the 'bond' stress 
between fibre and matrix) results in a greater crack width and 
rotation, 0, and hence an increased deflection. Experimental 
evidence for this effect from tests on polypropylene-reinforced 
specimens has been reported by K e k w i c k . T h e  value of stress 
transfer between matrix and fibre does not affect the idealised 
tensile stress-strain curve and, therefore, would have no influence 
upon the shape of a load-deflection curve predicted using this curve 
as a basis, i.e. the dashed line in Figure 8.22 would be unaffected 
by changes in bond stress.
8.4. CONCLUSIONS
1. Three methods of analysing a cement composite section in flexure 
have been presented:
(a) a ’continuum’ approach in which the tensile stress 
distribution in a flexural specimen is derived from the 
generally accepted trilinear, ACK-type stress-strain 
relationship;
(b) a continuum approach based upon an alternative form 
of the tensile stress-strain relationship;
the slope of the rising parts of the relationship, such as BC.
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(c) an approach, termed the crack development approach, 
in which the flexural mechanics of a cross-section at a 
crack is specifically considered together with the sequence 
of crack formation.
2. The tensile stress-strain relationship adopted in Cb3 above
would result from a tensile test conducted at a slow, constant
rate of extension in an infinitely stiff test machine. The stress
sustained by the specimen fluctuates during the process of multiple
crack formation and crack opening and may be less than the composite
crack stress (E ,e ). It is concluded that this is more appropriate c mu
(than the trilinear type of stress-strain relationship) for determining 
the shape of the tensile stress distribution in a flexural specimen 
in which cracks will open gradually.
3. The shape of the moment-curvature relationship for approach (b) 
is dependent upon assumptions made about the sequence of crack 
formation. However, approach (b) provides no logical guidance on 
the sequence of crack formation. The load-deflection relationship 
derived from approach (a) can be thought of as an upper bound to 
the load-deflection relationships derived from approach (b).
4. The determination of a sequence of crack formation can be 
developed in logical fashion from the crack development approach (c). 
Fibre stresses and crack widths may be estimated (with certain 
assumptions made) and the presence of stress relief zones each side 
of a crack is also assumed. A load-deflection relationship may be 
derived in which sets of cracks form under increasing load. The 
crack development approach (c) explicitly considers the section at 
the crack and is considered to be a sound basis for the theoretical 
analysis of the load-deflection behaviour of cement composites.
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CHAPTER 9 
FLEXURAL TEST RESULTS
9.1. TEST PROGRAMME
The aim of the flexural test programme was to examine the validity 
of the theoretical predictions of flexural behaviour and to investigate 
cyclic loading behaviour in flexure from the results of a small number 
of carefully monitored tests. Deflections were measured directly on 
the specimen, rather than by the cross-head displacement used in the 
standard flexural test, and average surface strains were recorded.
Results of specimens cut from four sheets are reported. (Table 9.1).
Specimens Film Reinforcement Fibre volume fraction, %
1B/F/1/1-B Polypropylene, Bar 18 4.9 - 5.9
112/F/l/l-B Polypropylene, Bar 112 5.2 - 6.7
PE/F/1/1-4 High modulus polyethylene, E3H 2.9 - 3.9
PE/F/2/1-4 High modulus polyethylene, E3H 
in surface layers
1.4 - 1.5 
(based on gross 
section)
Table 9.1. Flexural Specimens
Specimen sizes were nominally 150 mm long by 50 mm wide by 5—7 mm thick. 
Loading was at the third span points over a 135 mm span.
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Three types of loading sequence were applied to the polypropylene- 
reinforced specimens:
Ci3 loading directly to failure - test type D. In fact, it was 
generally impossible to break the specimens in the test rig and 
specimens were unloaded when high deflections (> span/20) were reached;
(ii) a number of loading/unloading to zero cycles - test type C;
(iii) as (ii_) but the unloading stage is continued through zero to a 
reversed loading/unloading cycle of the type indicated in Figure 9.17 
- test type R.
Test type R was not employed on specimens reinforced by high-modulus 
polyethylene film.
9.2. TEST RESULTS
Representative load-central deflection and load-surface strain records 
are given subsequently in Figures 9.4 to 9.7 (test type D), Figures
9.11. to 9.14 (test type C) and Figures 9.17 and 9.18 (test type R) .
The distributions of fibres across thin sections cut from these 
representative specimens are shown in Figure 9.1. The distribution 
of fibres is reasonably uniform' across the section of specimens from 
sheets 16/F/l, 112/F/l and PE/F/1. The fibres in sections cut from 
specimens of sheet PE/F/2 are concentrated in surface layers about 
1.5 mm thick.
Important data abstracted from the test results are presented in 
Tables 9.2(a) and (b) for polypropylene and polyethylene-reinforced 
specimens respectively. An illustrative key for the data in Table 9.2 
is given in Figure 9.2.
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18/F/l/l 18/F/1/5
18/F/1/6 112/F/1/8
PE/F/2/2 PE/F/2/4
PE/F/1/1 PE/F/ 1/3
Figure 9.1 fibre distribution in thin sections
V 297
load P
(a) Load-deflection curve
Load, P
compressive strain, e tensile strain, s,c *c
(b) Load-surface strain curves
FIGURE 9.2 Data abstracted from experimental results
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SPECIMEN
REFERENCE
SIZE
turn X inn)
vf
(1)
TEST
TYPE
BENOING 
nooums •
(GN/m]
lead
AT
BOP
(N)
ncR
AT
BOP
)
DEFL
AT
BOP
SlflFACE 
STRAINS 
AT OOP 
(m icrostrain
DEFL
AT
1.25 x 
BOP
(rm)
'SURFACE' 
STRAINS 
AT 1.25 X BOP 
(m icrostra in)
1».A.
DEPTH
AT
1.25 X corrtENTS
E* Et* Ees (rrm) TENS. COMP, TENS.
cons
_E0P.l
SPEC
flKTil
18/F/l/l 50.3x5.8 5.4 D 2 0 ( 6 26.5 25.3 152 12.3 0.45 530 570 2.90 7600 2300 0.23
/ 2 50.3x5.6 5.9 0 2 0 . 2 26.4 26.4 144 12.3 0.45 530 560 2.35 6700 2 2 0 ( 1 0..25 .
/3 50.1x5.4 5.4 C (8 .1) 24.5 2 0 . 2 1 2 0 1 1 . 2 (1 .2 ) 590 670 2.55 3600 1700 0.32 (> ) Anomalous value due - to specimen beddij^-
/4 4 0;0x5.0 5.7 c 2 1 . 6 22.9 28.2 94 1 0 . 6 0.45 530 500 2.40 5500 IBM. ,(L23..
/5 48.2x5.7 4.9 c 18.4 23.6 2 5 . 7 108 9.4 0.35 420 440 1.75 4900 1500 0.23
/ 6 49.2x5.2 5.5 R 24.7 27.7 24.4 126 12.9 0.45 610 560 3.00 7600 2 0 0 0 0 . 2 1
n 50.4x5.4 5.6 R 29.3 26.0 23.6 96 6 . 8 0.25 450 440 2 . 2 0 7600 1900 0 . 2 0  '
/a 48.2x5.0 5.4 R 29.2 27.1 27.1 1 1 0 12.4 0.33 530 560 2.40 8700 2400 0 . 2 2
.Mean x 23.4 25.8 25.1 1 1 . 2
Coeff. of variation % 18.8 7.6 9.8 13.5
112/F/l/l 50.1x7.1 5.3 D 2 0 . 0 29,5 36.0 230 17.2 0.35 «;nn ^40 -2^30 7.600
7300
2 0 0  CU 0  ?n
/ 2 49.2x6.5 5.2 0 20.3 28.8 31.6 186 1 2 . 0 0.40 590 460 2.55 _2DQil_ _EL2 2 _
/3 49.2x6.7 5.2 c 23.5 30.5 34.5 185 . 11.3 0.30 410 360 1.70 5300 1500 0 . 2 2
/4 49.2x6.3 5.B c (11.7 - - 178 1 2 . 2 (0.70) (2160 (1 2 0 0 ) 2 . 2 0 5900 2 1 0 0 0.26 .( ) Anomalous values (S^eci iTLe_Q__RjCQ b a b 1 y. ..pre.- r, . cracked 
)( ) Anomalous values,/5 49.2x6.5 5.0 R (14.4) (16.8 (20.5 165 10.9 (0.7) 950 560 1.85 4100 1500 0.27
/B 49.2x6.9 6.5 R 17.3 42.7 27.1 225 13.0 0.45 500 610 2.50 77 00 2 2 0 0 0 . 2 2
n 49.2x6.0 6 . 2 R 23.5 38; 8 29.5 171 13.0 0.45 630 460 2.30 6300 1700 0 . 2 1
. /B 50.0x6.1 6.7 R 24.4 39.9 35.3 2 0 0 14.4 0.55 720 460 3.40 9900 2 2 0 0 0 .1 B
Mean x 21.5 35.0 32.3 12.4
•Coeff. of variatidTi-. % 1 2 .a 17.5 1 1 . 0 8.9
(a) Polypropylene-reinforced specimens.
SPECIMEN
REFERENCE
SIZE
(run x  mm)
vf
( «
TEST
TYPE
BENDING
MODULUS • 
(GN/m )
LOAD
AT
OOP
IN ]
mor
AT
BOP
(MN/ro2 )
DEFL 
AT .
BOP
( im ) •
SURFACE 
STRAINS 
AT BOP 
(microstrain
DEFL
AT
1.25 X
BOP
(irm)
SURFACE 
STRAINJj 
AT 1.25 X BOP 
(microstrain)
{ n . a .
DEPTH 
AT 
1.25 X 
_flQE_L 
SPEC 
nFPTH
COMMENTS
E* EtS Ecs TENS. COMP. TENS. COMP
PE/F/1/1 51.1x5.9 3.9 D 26.9 31.1 32.4 173 13.1 0.35 510 400 3.25 1030C 2 0 0 0 0.16
/ 2 50.1x6.0 3.5 D 22.3 30'. 1 28.9 152 11.3 0.40 670 470 2.55 810C 2 1 0 0 0 . 2 1
/3 49.6x6.3 2.9 C 23.2 32.4 29.6 166, 11.5 . 0.35 460 440 2.90 97 OC -
/4 50.4x7.0 3.5 C 24.0 33.2 30.7 206 1 1 . 2 0.30 460 410 2.50 9800 2700 0 . 2 2
Mean x 24.1 31.7 30.4 1 1 . 0
Coeff. of variation % 8.3 4.3 5.0 7.6
3E/F/2/l 49.3x6.5 1.4 □ 2 1 . 1 27.4 31.3 154 1 0 . 1 0.30 380 350 7.4 3nnn Tensile strain not measurable
/ 2 49.2x6.4 1.4 D 19.9 24.5 25.1 140 9.3 0.30 380 380 7.4 _ 3300 at 1.25 x BDP.
/3 50.1x7.1 1.4 C 2 1 . 0 26.2 27.1 186 1 0 . 1 0.30 460 3B0 7.0 - 3800 . •
/4 50.0x6.7 1.5 C ; n . 8 > - . - 154 9.3 (0.9) (1740 (820) 5.8 3000 ( ) Anomalous values.
• 'cracked?
•
M6 an x 20.9 26.0 27.8 9.7
Coeff .< of variation^ 4.6 5.6 11.4 4.8 ■ •
(b) Polyethylene-reinforced specimens.
TABLE 9.2 Flexural test results.
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9.3. GENERAL COMMENTS ON FLEXURAL BEHAVIOUR
9.3.1. Uncracked bending stiffness
The modulus of elasticity of the uncracked composite has been obtained 
in three ways in Table 9.2:
(a) from the initial linear portion of the load-deflection curve, 
since using simple elastic bending theory:
f- 23 PL3 g .
6 ~ 1296 16c
where E* is the modulus of elasticity, L the span, I the second moment o
of area of the section and 6 the central deflection at load P.c
(b) from the load-tensile strain plot, since, again using simple 
bending theory:
E = — P-L- —  9.2.
where b and d are the breadth and thickness of the specimen and the 
tensile surface strain at load P.
(c) Similarly, from the load-compressive strain plot:
E =     9.3.cs > .2 o bd . £c
For some sheets, there is a considerable variation within the data for 
a particular type of modulus assessment. This is partly due to the 
fact that the modulus has been determined, in some cases, from lines
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of steep slope where very accurate assessment of slope is difficult 
and also, in the case of test type R, to the presence of top and 
bottom rollers at the support which may produce a clamping action 
affecting specimen behaviour. Nonetheless, the following trends, 
while not true for every specimen, appear to be evident, namely that:
E > E. > E > E*  
c  ts OS o
where Ec is the modulus of elasticity of the uncracked composite 
determined from direct tension tests on specimens of similar composition
As reported in Section 7.4, Ec was measured as, approximately, 32
2 2 GN/m for polypropylene-reinforced specimens and 36 GN/m for poly­
ethylene reinforced specimens.
Tests on the matrix in direct compression reported in Section 4.2,3.2
2indicated a lower matrix modulus in compression (Em ro 28 GN/m ) than
2suggested by direct tension tests on the composite CE ro 34 GN/m ) i.e,
(E ), . ro 1.2 x (E ) compression. CThe tensile modulus of concretem tension m
(9 13has been reported ’ to be about 10% greater than the compressive 
modulus 3.
The flexural results appear to confirm the higher tensile modulus. It 
must be remembered, of course, that different tensile and compressive 
moduli invalidate the basis for the calculation of moduli from surface 
strains. A correction of equations 9.2 and 9.3 to account for the 
tensile modulus being 20% higher than the compressive value would, in 
fact, tend to reduce the value of Ecs* by about 4%, and increase the 
value of E^s (by a similar percentage) so calculated. Similarly, the 
modulus Eg calculated by equation 9.1 is an average of the tensile and 
compressive moduli, these being about 10% higher and lower respectively 
than the value E^ calculated by equation 9.1. The-moduli
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calculated from flexural testing generally remain, nonetheless, 
lower than the corresponding values from direct tension or 
compression tests. The difference is partly, but probably not 
wholly explained by the specimen bedding in.
rq ?! rg 3) [9.41Laws et al ' , Mai " and Walton and Majumdar have all
reported, though not explained, a lower modulus for fibre cements
when calculated from deflection measurements in bending tests than
from direct tension tests. Only Mai’s results, for asbestos-cement,
took into account the compliance of the test machine, although it is
not stated exactly how this was achieved, yet the results still
indicated a modulus from direct tension tests approximately double
that from bending tests. It may be that simple bending theory (even
adapted to account for differing tensile and compressive moduli) is
not strictly valid and is too simplistic for the flexural behaviour
exhibited by some fibre cements.
9.3.2. The Bend-Over Point (BOP)
There is a marked Bend-Over Point (BOP) in the load deflection and
load-strain curve (.see, for example, Figure 9.4). The surface stresses
calculated from the BOP load, assuming that the neutral axis lies at
n/id-depth, are reasonably consistent with the modulus of rupture,
calculated in similar fashion, from the control tests on matrix-only
2specimens (average value 12.4 MN/m ), and about 25% higher than the 
composite cracking stress in direct tension. An explanation for this 
difference is suggested subsequently in Section 9.4.
Average tensile surface strains at the BOP, measured by e.r.s. gauges
and given in Table 9.2, are higher than the matrix failure strain of
— 6the composite in direct tension (maximum value about 350 x 10 strain).
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This supports evidence elsewhere, for example reference 9.5, that, 
while the BOP is a distinct departure from linearity, cracking of 
the tensile surface will have been initiated at a load lower than 
at the BOP. Close examination of load-deflection plots can sometimes 
reveal an earlier departure from linearity than the BOP.
In some specimens, surface strain measurements at the BOP indicate 
that the neutral axis lies below mid-depth (i.e. ec > at the BOP). 
This may be due to the neutral axis lying below mid-depth in the 
uncracked state, which is consistent with a higher tensile than 
compressive modulus. After initiation of cracking and as the BOP 
is approached, the neutral axis may move up towards the compression 
surface yet remain below mid-depth.
Measured deflections at the BOP are small and generally less than 
span/300.
9.3.3. Post Bend-Over Point CBOP) Behaviour
Values of deflection, tensile and compressive surface strains at 
loads of (1.25 x BOP) have been abstracted, where possible, from 
the experimental data and shown in Table 9.2.
There are considerable variations in deflection and surface strain 
measurements between specimens at these loads which cannot be accounted 
for by differences in specimen size. There is, however, a broad 
consistency between the curvatures in the middle third of the specimen, 
deduced from surface strains, and the recorded deflections. This is 
illustrated in Figure 9.3 in which the measured deflections have been 
plotted against calculated curvatures. Some scatter of results is 
apparent but a reasonably linear trend between deflection and 
curvature emerges. Furthermore, the two bounds to the theoretical
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FIGURE 9.3 Measured deflections v curvatures calculated from 
measured surface strains.
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Section 8 .2.1.3(which depend upon assumptions about the curvature 
distribution outside the middle third) fit well with the experimental 
relationship.
The 25% increase in load above the BOP increases the deflection of 
specimens from sheets 18/F/l, 112/F/l and PE/F/1 by about 600%. The 
post-BOP stiffness is governed, in part, by the stiffness of the 
tensile zone which is dependent upon the volume content and stiffness 
of the fibres. The lower volume content of high modulus fibres in 
sheet PE/F/1 produces a composite of approximately equivalent post-BOP 
stiffness to sheets 18/F/l and 112/F/l containing a higher volume of 
lower modulus fibres. The stiffness of the ’sandwich' sheet PE/F/1 
once cracking has commenced is reduced to about 1/2 - 1/3 of that of 
the other sheets.
Surface strains (particularly tensile strains) do vary considerably 
at the load of (1.25 x BOP). The variation may be due, in part, to 
the positions at which cracksform i.e. within or without the e.r.s. 
gauge length. The average neutral axis depth calculated from average 
surface strains is given in Table 9.2 and varies, in general, between 
one fifth and one quarter of the specimen depth.
9.4. COMPARISON OF EXPERIMENTAL LOAD-DEFLECTION CURVES WITH 
THEORETICAL PREDICTIONS
Load-central deflection and load-surface strain records are shown in 
Figures 9.4 and 9.5 for two polypropylene-reinforced specimens and in 
Figures 9.6 and 9.7 for two high-modulus polyethylene-reinforced 
specimens, the latter figure relating to a specimen reinforced with
deflection - curvature relationship of equations 8.1 and 8.2,
(a) Load-central deflection
tensile surface
tb) Load-surface strains
Load
N
1
strain %
2 0 0 -
compressive
surface
FIGURE 9.4 Flexural behaviour of specimen reinforced by
polypropylene Bar 18 film.
specimen 112/F/1/2
 \ — _________I____________ __L-------- — -----   J
0 2 4 6 8
Def• -lection mm
(a) Load-central deflection
compressive
strain %
(b) Load-surface strains
FIGURE 9,5 Flexural behaviour of specimen reinforced by polypropylene 
Bar 112 film. v
100 Specimen PE/F/1/1
(a) Load-central deflection
deflection mm
(bD Load-surface strains
FIGURE 9.6 Flexural behaviour of specimen reinforced by high 
modulus polyethylene film.
(a) Load-central deflection
(b3 Load-surface strains
FIGURE 9.7 Flexural behaviour of specimen reinforced by surface
layers,high modulus polyethylene film.
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surface layers of film only. The experimental load-central deflection 
curves of Figures 9.4, 9.5 and 9.6 have been compared with two sets 
of theoretical predictions.
(i) Theoretical relationship A is based upon a continuum approach in 
which, for a given strain distribution in flexure, the stress distri­
bution across the section is derived from the idealised ACK tensile 
stress-strain curve and an elastic compressive stress-strain relationship, 
as outlined in Section 8 .2.1.1.
(ii) Theoretical relationship B is based upon the crack development 
approach proposed in Section 8.3, assuming that the cracks develop in
a similar fashion to those in the example in Section 8.3.3 and Appendix D.
No attempt has yet been made to adapt the crack development approach to 
the non-uniform fibre distribution of the specimen of Figure 9.7, and 
hence only a theoretical relationship type A is given for comparison in 
this case.
The theoretical relationships have assumed the following composite 
properties, based upon the experimental data reported earlier in the 
thesis:
Polypropylene-reinforced Polyethylene-reinforeed 
_______ specimens' ■ •' specimens________
E , matrix modulus „ 2
m of elasticity 34 GN/m 38 GN/m
E„, fibre modulus of 2 2
elasticity 4.3 GN/m 13.2 GN/m
6 B£ , matrix failure 300 x 10 300 x 10mu ,strain
V.p, fibre volume appropriate to actual measured of specimen
transfer length after * *
1st crack formation 1 .0 mm 2 .0 mm
(see Figure 8.19)
* see later comments
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Before discussing the theoretical and experimental comparisons, 
it is worth reporting a small series of tests conducted to examine 
the formation of cracks at various stages in the loading path of a 
typical flexural specimen. It was impassible to observe cracking 
during the main series of tests although the formation of cracks 
can sometimes be detected from irregularities in the load-deflection 
and load-strain data. The tests to observe crack development were 
conducted on specimens reinforced with a polypropylene film 
commercially developed into a stable network of 4 individual film 
layers per layer of network. This made sheet manufacture considerably 
easier. The mechanical properties of the film were similar to those 
of Bar 18 and Bar 112 films. The matrix composition was that used in 
the manufacture of the main series of tensile and flexural specimens, 
although the specimens were cured under water for ten days only, in 
this instance, prior to testing. The film volume fraction of the 
specimens was about 6%.
-f*Each specimen from the set of six of similar depth (5.43 - 0.08 mm), 
was loaded until a selected central deflection was attained. The 
specimen was then unloaded, removed from the test rig, examined using 
a microscope at magnification 25-50X and the crack pattern recorded. 
The central deflections selected were, approximately, 0.5, 1, 2, 3,
4 and 5 mm. The deflection at the BOP was about 0.4 mm.
The cracks, as illustrated in Figure 9.8, do not run *dleanly' and 
distinctly across the specimen in the transverse direction. After 
low deflections (0.5 and 1 mm), the cracks are difficult to observe 
at all or to trace completely across the full width of the specimen.
sp
ec
im
en
 
br
ea
dt
h
311
constant moment 
region
II
Ii
mid
span
(a) 5 = 0.40mm
no of cracks on N=0
Cc) 8 = 2.08 mm
N = 13
(b) § = 1.08mm
N = 6
j
(dO 8 = 3.36mm
N = 16
( e) S  s 4 . 0  m m
N = 18 N = 17
FIGURE 9.8 Development of cracking
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At higher deflections, there are a number of positions where a 
single crack bifurcates. The number of cracks counted along the 
centre line of constant moment region of the specimens is shown at 
each deflection stage in Figure 9.8. This series of tests was 
repeated on a further set of specimens and a similar crack development 
was observed. The number of cracks has also been observed to increase 
with increasing load in tests on ferro-cement specimens*’9 . The 
crack development approach, which predicts a progressive crack 
formation, has, therefore, some experimental validity even though 
the sequence of cracking and the crack spacing do not follow clearly 
the suggested pattern proposed in Section 8.3.2.
The flexural relationships developed from the crack development approach 
(theoretical relationship B) are a reasonable fit to the experimental 
relationships, as Figures 9.4(a), 9.5(a) and 9.6(a) indicate. The 
continuum approach based upon the idealised tensile stress-strain curve 
(relationship A) overestimates the load-carrying capacity of a specimen 
at a given deflection, or, alternatively, at a given load predicts a 
much smaller deflection than that which results from experiment. At a 
given load, the average neutral axis depth from the compressive surface, 
determined from the surface strain measurements, is smaller than the 
continuum theory based upon the ACK idealised stress-strain curve would 
suggest. This is illustrated in Figure 9.9 in which the neutral axis 
depth, n, expressed as a proportion of the overall depth, d, is plotted 
against the corresponding notional surface stress (calculated assuming 
elastic behaviour). The load has been expressed in this fashion in an 
attempt to 'normalise' experimental results obtained from different 
specimen depths.
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FIGURE 9.9 Variation-of neutral axis depth with load.
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The theoretical continuum approach overestimates the equivalent 
composite stress carried in the tensile zone of the cracked section, 
which results in the greater neutral axis depth (and hence lower 
deflection at a given load) than that occurring in practice. The 
neutral axis derived from the crack development approach depends 
upon the position of the cross-section considered relative to the 
crack and it is difficult to justify quoting an 'average' value.
The crack development approach does appear to be a useful basis for 
the prediction and analysis of flexural behaviour of polyolefin- 
reinforced cement composites. It is interesting to note that the 
assumptions made in the theoretical relationships B for the initial 
stress transfer length, 1, of 1 mm for the polypropylene-reinforced 
specimens and 2 mm for polyethylene-reinforced specimens result in 
final theoretical crack spacings of 2.6, 3.0 and 5.1 mm for the 
specimens of Figures 9.4(a), 9.5(a) and 9.6(a) respectively. These 
are in reasonable agreement with the measured average crack spacing 
of 4.0, 2.7, and 6.4 mm respectively.
It will be noted in Figures9.4 to 9.7 that the theoretical crack
development approach leads to a marked departure from linearity at
the load at which the tensile surface stress reaches the composite
cracking stress in direct tension. (The same effect can occur with
the continuum approaches, although the departure from linearity for
a flexural relationship based upon the ACK. type of tensile stress-
strain relationship is smooth and gradual rather than abrupt).
Experimentally, the load at the BOP is higher than the crack
development approach would suggest. An explanation may lie in the
ability of a cement matrix containing a crack of narrow width to
continue to sustain tensile loads, as proposed, for example, by
(9 7)Higgins and Bailey.
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be present across a cracked section in the previous analysis of
Section 8.3.1. At a tensile strain greater than e , (the matrixmu
failure strain), the matrix is unable to sustain tensile stress 
and only the fibres transfer stress across the crack. In Figure 
9 .10(b) a modification to the stress distribution has been 
introduced, namely, a zone within the crack height in which the 
cracked matrix is able to sustain a tensile stress. The tensile 
stress transferred across the crack reduces as the crack width 
increases until a point is reached at which the crack width is 
such that no load-transfer occurs between the matrix either side 
of the crack (other than via the fibres). If the existence of 
such a zone is considered from the initiation of cracking at the 
bottom surface of the specimen, it can be shown that the M~ict> 
relationship for the cracked section is modified (from that derived 
from a stress distribution such as Figure 9.10(a)) as shown in 
Figure 9.10(c). The influence of the 'load-bearing crack zone’ is 
greatest just after cracking is initiated and the BOP is raised.
The increase in BOP will depend upon assumptions made about the 
extent of the load-bearing crack zone.
9.5. BEHAVIOUR OF SPECIMENS SUBJECTED TO CYCLIC LOADING IN FLEXURE.
9.5.1. Load-Unload-Reload Cycle
Load-central deflection and load-surface strain records for typical 
specimens subjected to a load-unload to zero load-reload cycle 
(test type C) are shown in Figures 9.11 and 9.12 for polypropylene- 
reinforced cement specimens and Figures 9.13 and 9.14 for polyethylene- 
reinforced cement specimens.
Figure 9.10(a) illustrates the stress distribution considered to
316
uncracked 
tensile 
zone
crack
height
matrix
tensile
stress
across
crack
fibre stress only 
across crack
(a) (b)
Stress distributions
Moment
------  no matrix stresses in cracked zone - (a) above
. —  —  —  matrix still transfers tensile stress in cracked 
zone - (b) above
to) Moment-curvature relationship 
FIGURE 9.10 Enhancement of BOP in flexure
Lo
ad
 
N
317
(a) Load-central deflection
(b) Load-surface strains
FIGURE 9.11 Cyclic flexural behaviour of specimen reinforced by
polypropylene Bar 18 film.
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(a) Load-central deflection
(b) Load-surfacestrains
FIGURE 9.12 Cyclic flexural behaviour of specimen reinforced 
by polypropylene Bar112 film.
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(a) Load-central deflection
FIGURE 9.13 Cylic flexural behaviour of specimen reinforced by
high modulus polyethylene film.
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(a) Load-central deflection
(b) Load-surface strains
FIGURE 9.14 Cyclic flexural behaviour of specimen reinforced by
surface layers of high modulus polyethylene film.
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those from the results in direct tension. The envelope of the
cyclic load-deflection curves would appear to be the 'standard'
load-deflection curve. The residual deflection at zero load,
6 ,^ increases as the deflection from which unloading began, 6p,
increases. The stiffness of the specimen in unloading and reloading
reduces as 6 increases, and within an unloading or reloading path,P
the stiffness is greatest at the beginning of that path and there­
after reduces. The residual deflections, 6 ,^ are plotted against
the unloading deflections, 6 , for both polypropylene and poly-P
ethylene-reinforced specimens in Figure 9.15. The following 
relationships are a reasonable fit to the experimental data:
for polypropylene-reinforced specimens
The general conclusions from the flexural results are similar to
6 = 0.45 (6 - 5DnD)r p BOP
for polyethylene-reinforced specimens
6 = 0.64 (6 - 6 )r p BOP
where 5onr, is the deflection at the BOP. ljUP
These results are consistent with the residual strain data of 
specimens tested in direct tension, as reported in Section 7.5.2, 
and with the residual surface strain measurements (as a proportion 
on the unloading strain) of the flexural specimens.
There is a further similarity between flexural and direct tension 
results in the relationship between the reloading stiffness of the 
composite and the deflection at which unloading takes place. For 
the flexural data, an average stiffness for the unloading/reloading 
cycle has been taken, as indicated in the inset of Figure 9.16.
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The stiffness has been calculated as an equivalent modulus of
elasticity, or E value, assuming an elastic uncracked section.
The points in Figure 9.16 have been taken from 3 polypropylene-
reinforced specimens of similar thickness (5.35 mm - 6.5%), for
which the E value of the uncracked section calculated from the
2load-deflection curve was about 20 GN/m , and the deflection at 
the BOP measured as about 0.4 mm or span/340. The evidence of 
Figure 9.16 points to a marked loss in flexural stiffness as the 
unloading deflection, <5p, increases above the deflection at the 
BOP. A deflection of 1 mm (span/135) results in, approximately, 
a 50% loss in stiffness (as measured by taking an average unloading/ 
reloading path), although in consideration of serviceability in 
practice, this is unlikely to produce critical deflections under any 
subsequently applied design loading.
9.5.2. Reversed Flexure Through Zero
Load-central deflection and load-surface strain records for two 
typical polypropylene-reinforced specimens subjected to cyclic 
loading including load reversal through zero (test type R) are 
shown in Figures9.17 and 9.18. In the following discussion, a 
positive deflection on the Figures is a downward, sagging deflection; 
a negative deflection an upward, hogging deflection. The initial 
movement is downwards.
A number of interesting points emerge from the Figures.
(i) The behaviour in the negative load-negative deflection quadrant 
is almost a reflection of the behaviour in the positive load-positive 
deflection quadrant.
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(b) Load-surface strains
FIGURE 9.17 Behaviour in reversed flexure for specimen reinforced 
by polypropylene Bar 18 film .
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FIGURE 9.18 Behaviour in reversed flexure for specimen reinforced 
with polypropylene Bar 112 film.
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(ii) Whilst the BOP in reversed flexure (after cracking in the
2other direction) exhibits the usual scatter (8.3 - 13.9 MN/m ),
2the average value in reversed flexure of 11.3 MN/m is not
significantly different from the average BOP value for the initial
2loading (n, 11.8 MN/m ). The tensile strain recorded on each 
surface at the two BOPs is similar.
(iii) The stiffness of the specimens in the first reversed upward 
deflection path is reduced (by an average of about 50%) since the 
compression zone (formerly the tensile zone in the downward path) 
is traversed by cracks and is reduced in stiffness as indicated in 
the tensilevcompressive tests reported in Section 7.9. The lower 
reversed loading stiffness is consistent with the BOP and surface 
tensile strain at the BOP for the reversed loading being similar 
to the initial loading values, since the origin of the reversed 
loading path is ’displaced’ by the presence of residual deflection 
and residual surface strain at zero load. There is a slight 
discontinuity just after the load passes through zero for the 
first time which is probably due to some looseness in the loading 
system.
(iv) There are two 'points of contraflexure’ in the unload/reload 
cycles which occur at zero deflection and, in both Figures 9.17 and
9.18, at loads of - 30 - 40 N. Each unloading or reloading path 
passes approximately through one of these points.
(v) The similarity of the load-deflection paths in the two quadrants
is illustrated by the fact that the straight line joining unloading
«|*points of similar magnitude but opposite in sign (e.g. - 1 mm,
- 2 mm in Figure 9.17) passes through, the origin.
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(vi) The experimental load-deflection behaviour of polypropylene- 
reinforced cement composites in reversed flexure could, therefore, 
be idealised as shown in Figure 9.19, in which it is assumed that 
a reloading path rejoins the simple monotonically increasing load- 
deflection path (OABJ or OEFL) at the same load and strain from 
which the original unloading path began. The first load cycle
is path O A B C D E F G  where A and E are the BDPs. The residual
deflections at C and G would be about 40% of the unloading
deflections at B and F respectively. The second loading cycle
from G rejoins the 'original' loading path at B, then path
B J K D F L M is followed as a second cycle, before the third
loading cycle II H J etc. commences. Note that if the deflections
and loads at J and L are equal, then line J 0 L is straight.
/
(vii) For practical considerations of the effect of reversed loading 
on the subsequent stiffness of polypropylene-reinforced composites,
the results are encouraging. After loading cycles which encompass
+ + deflections of - 3.0 mm (span/45) in Figure 9.17(a) and - 2.5 mm
(span/54) in Figure 9.10(a), (at loads of about - 1.25 x load at
the BOP), the deflection at a typical 'service load' of one half
the load of the BOP is less than span/100.
9.6. CONCLUSIONS.
1. The 'crack development' theoretical approach has been found to 
give a reasonable prediction of'the flexural behaviour of polyolefin- 
reinforced cement specimens and one which is more accurate than a 
'continuum’ approach based upon the idealised stress-strain curve in 
direct tension.
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Load
FIGURE 9.19 Idealised load-deflection relationship of a polypropylene- 
reinforced cement composite in reversed flexure.
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deflection at zero loads, 6 ,^ and deflection from which unloading
began, 6 , have been found:P
2. The following experimental relationships between residual
for polypropylene-reinforced composites
5r ■ 0.45 C5p - 6Bop)
for polyethylene-reinforced composites
6 = 0.64 [6 - <SDnD)r p BOP
where 6nnn is the deflection at the BOP. dUF
3. The behaviour of polypropylene-reinforced cement under loading 
which includes reversal of load through zero can be idealised by 
the load-def lection relationship in Figure 9.19. The mono-toMcaliy 
increasing load-deflection curves essentially form envelopes to 
the load reversal cycles.
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10.1. THEORETICAL BEHAVIOUR OF CEMENT COMPOSITES IN CYCLIC 
TENSION
1. Theoretically, for cement composites reinforced by elastic, 
continuous fibres, an analysis of the complete cyclic tensile 
behaviour has shown the following parameters to be independent 
(or effectively independent for most practical cement composites) 
of fibre modulus and volume content and interfacial shear stress, 
when unloading takes place from within the multiple cracking 
region:
CHAPTER 10
CONCLUSIONS
(i) the residual strain at zero load, £p, which lies 
between bounds
0.33 (e - £ ) ^ £ < 0.5 (£ - £ )p mu r p mu
where £p is the strain from which unloading commences and
£ is the matrix failure strain; mu
(ii) the stiffness of the reloading path;
(iii) the energy absorbed by the composite in the hysteresis 
loop formed by the unloading/reloading path.
2. When unloading from a state after multiple cracking has been 
completed, the behaviour is dependent upon fibre modulus and volume 
fraction. Theoretically a limiting residual strain is eventually 
reached (at a particular unloading strain) which cannot be exceeded
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3. Tests on polyolefin fibres in direct tension have yielded a 
bilinear type of stress-strain relationship and the fibres 
themselves exhibit, on unloading, residual strains at zero load.
These .residual strains are a significant proportion of the unloading 
strain for high modulus polyethylene fibres, and when taken into 
account in a theoretical analysis, increase the bounds in 1Ci3 above 
for composites reinforced with these fibres to:
0.51 (e - £ ) ^ e 0.67 (e - £p mu N r N p mu
The bounds in paragraph l(i) are only slightly raised if account 
is taken of the inelastic behaviour of polypropylene fibres.
4. Furthermore, if inelastic fibre behaviour is considered in the 
theoretical analysis, then the residual strain at zero load of 
polyolefin-reinforced cement composites increases without limit as 
the strain from which unloading commences increases, unlike the 
elastic fibre case (paragraph 2 above).
10.2 EXPERIMENTAL BEHAVIOUR OF CEMENT COMPOSITES IN CYCLIC TENSION
1. Residual strains at zero load for polypropylene-reinforced cement 
specimens are about 35-45% of the strain from which unloading began. For 
high modulus polyethylene-reinforced specimens, residual strains are
a higher proportion - about 66% of the unloading strain. The residual 
strains are reduced (by about one-sixth of their initial values) if 
specimens are allowed to recover at zero load.
2. There is a marked reduction in the value of the tangent reloading
2modulus at a stress of 4 MN/m as the unloading strain increases above 
the matrix cracking strain. At higher unloading strains, the 
reloading modulus approaches a lower limiting value which is the 
stiffness of the fibre fraction alone, i.e. E^Vp. A secant reloading
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modulus at 4 MN/m shows a similar trend. Prior to reaching the 
lower limiting value, the reloading modulus is relatively unaffected 
by fibre volume content. Some distinction was observed between 
polypropylene and high modulus polyethylene-reinforced specimens 
but this can be explained by a difference in composite modulus, 
rather than fibre modulus.
3. The theoretical predictions of cyclic loading behaviour (allowing 
for inelastic fibre behaviour) are a good estimate of the observed 
experimental behaviour of polyolefin-reinforced cement specimens, 
particularly at strains less than about 2-2.5%. The predicted 
recovery at zero load, based upon fibre recovery behaviour, is not 
apparently achieved, however, probably due to the influence of loose 
matrix debris wedging cracks apart.
4. The cyclic loading behaviour of glass and Kevlar-reinforced 
cements (reported elsewhere) is described with reasonable accuracy
by the theoretical analysis developed. A comparison of the reloading 
moduli of glass, Kevlar and polypropylene-reinforced cements with 
similar matrices indicates similar values of reloading moduli for a 
given unloading strain. This supports the theoretical argument that 
the falling part of the reloading modulus-unloading strain relationship 
is dominated by matrix, rather than fibre parameters.
5. Measured values of energy absorption in cyclic loading (from the 
area of a hysteresis loop at the end of the multiple cracking region)
3
for polypropylene-reinforced specimens of about 40 KJ/m are in good 
agreement with theoretical predictions. (For comparison, the energy
3
absorbed by asbestos-cement to failure is about 5 KJ/m ).
2
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10.3. THEORETICAL FLEXURAL BEHAVIOUR OF CEMENT COMPOSITES
1. It is concluded that flexural analyses(for composites with more 
than the critical fibre volume) based upon the generally accepted 
type of trilinear tensile stress-strain curve are fundamentally 
incorrect and yield an inaccurate representation of flexural 
behaviour.
2 . When a more realistic tensile stress-strain behaviour is used 
as a basis for predicting flexural behaviour, the flexural 
relationship which results is dependent upon the sequence in 
which cracks form. This cannot be determined without considering 
the behaviour of fibres and matrix at and near the cracked section.
An approach termed the crack development approach has been proposed, 
which incorporates stress relief zones either side of cracks and 
which can be used to determine the sequence of cracking and the 
load-deflection relationship of a composite. The resulting 
theoretical load-deflection relationship can be markedly different 
from that derived from an analysis adopting the generally accepted 
tensile stress-strain curve.
3. A load-deflection relationship derived from the crack development 
approach is dependent upon the stress transfer capability between 
fibre and matrix.
10.4. EXPERIMENTAL FLEXURAL BEHAVIOUR OF POLYOLEFIN-REINFORCED 
CEMENT COMPOSITES
1. The equivalent ’elastic' tensile stress at the Bend-Over Point 
(BOP) of the polyolefin-reinforced cements tested was about 25% 
higher than the cracking stress of the composites in direct tension.
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2. The deflection at a load of 1.25 x (load at BOP) is about 
6 times the deflection at the BOP for the composite specimens 
containing a uniform distribution of about 5-6% of polypropylene 
fibres or 3-4% of high modulus polyethylene fibres. Economies
in the amount of reinforcement used without loss in ductility may 
be achieved by concentrating the reinforcement in surface layers.
3. The measured deflection at a given load was underestimated by 
the theoretical analysis based upon the generally accepted trilinear 
form of tensile stress-strain relationship.
4. A better estimate of the load-deflection behaviour of a poly­
olefin-reinforced composite was provided by a flexural analysis 
based upon the crack development approach. The correlation between 
experiment and theory suggests that the crack development approach 
is a good basis for further analytical development.
5. The following experimental relationships between residual 
deflection at zero load, <5.^ and deflection from which unloading 
began, Sp, have been found:
for polypropylene-reinforced composites 
<5p = D-45 t<Sp “ SgQpJ
for polyethylene-reinforced composites
<5 = 0.64 (6 - 6nnD)r p BOP
where <5^^ is the deflection at the BOP.
Not surprisingly, these are similar in form to the corresponding 
relationships for tensile residual and unloading strains.
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6 . The behaviour of polypropylene-reinforced cement under loading 
which includes reversal of load through zero can be idealised by 
the load-deflection relationship in Figure 9.19. The monotonically 
increasing load-deflection curves essentially form envelopes to 
the load reversal cycles.
10.5. PRACTICAL IMPLICATIONS-OF THE WORK FDR THE BEHAVIOUR OF 
POLYOLEFIN-REINFORCED CEMENT'SHEETS
1. Despite the low modulus of polypropylene fibres, the performance 
of thin sheets of polypropylene-reinforced cement which have been 
overstrained or overloaded Cwithin reasonable limits) so as to cause 
matrix cracking is unlikely to create serviceability problems due to 
a decrease in composite stiffness compared to the uncracked material.
2. The higher modulus of the polyethylene reinforcement used 
compared to the polypropylene reinforcement could lead to economies
in the volume of fibre necessary far good sheet performance. However, 
the higher residual deformations exhibited by high modulus polyethylene- 
reinforced specimens may be of concern should a limitation on residual 
deformation be a design requirement.
3. The achievement of good bond between fibre and matrix is 
beneficial to tensile behaviour of a composite in that crack spacing, 
and hence crack widths at a given strain, are reduced. There is, 
according to ACK theory, no effect on the stress-strain relationship 
of a cracked composite due to a change in bond strength. However,
as a result of the crack development approach, it has been shown 
that, theoretically, a composite with a good bond between fibre and 
matrix may have a better flexural performance (i.e. may be stiffer .in 
the cracked state) than a composite with a poor fibre-matrix bond.
This may appear surprising in view of the theoretical behaviour iA 
direct tension.
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CHAPTER 11 
RECOMMENDATIONS FOR FURTHER WORK
1. The present study has been concerned with relatively short-term 
load applications. An investigation of the behaviour of polyolefin- 
reinforced cement composites under long-term loading in tension and 
in flexure is required, related to a theoretical treatment which 
accounts for the time-dependent behaviour of the fibres by use of a 
more sophisticated model of fibre stress-strain-time relationship.
2. The crack development approach to the analysis of flexural 
behaviour has been tentatively proposed and requires further work to 
support some of the assumptions made. For example, the growth in 
depth, width and spacing of cracks could be assessed by microscopic 
examination during a flexural test. The design of very stiff test 
rigs for tension and flexure should be considered, such that reductions 
in load as cracks form may be detected. The benefit of fibres with 
good 'bond' characteristics upon the flexural behaviour was commented 
upon and more extensive work to support this is required.
3. The crack development approach to flexural analysis could be 
extended to include unloading and reversed flexure, and to assess the 
performance of corrugated, rather than flat, profiles.
4. The relationship between uniaxial tensile and compressive moduli 
and the flexural modulus requires clarification. In addition, because 
the effect of fibre modulus and volume fraction upon the uncracked 
tensile modulus of the composite does not appear to follow the normal 
'law of mixtures', further work related to the fracture mechanics/ 
crack growth approach is required. The possible role of 'load' -bearing
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cracks’ in the elevation of the BOP in a flexural test needs 
quantifying.
5. The use of surface layers of high modulus film reinforcement 
appears promising and worthy of further investigation. The 
suitability and performance of alternative matrix compositions should 
be considered, e.g. a less dense matrix may facilitate easier handling 
of full size sheeting.
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V f E*c Em 0 CO Ifmu eme *E V 1 T f • E V *cf vf
a cu o  /V. cu f ^cu crack.spacing
mm
commentsSpecimen
V GN/m2 GN/m2 MN/m2 % \ GN/m2 GN/ifi2 MN/m2 MN/m2 %
1 7.2 10.7 2.4 0.16 2.3 18.1 252 7.1 1.6
*riaf possible to 
measure accurately
2 6.4 11.1 2.4 0.11 1.8 14.4 226 5.4 2.3
with early test 
set up.
3 5.8 10.7 ''2.5 11.5 200 4.5 2.9 Premature
4 5.4 10.7 - 10.7 197 1.0 - failure before
5 5.6 10.2 - 10.6 190 2.1 4.6 rE^Vp region
6 5.6 10.3 >2.5 11.2 194 3.3 2.9 developed.
7 5.3 10.1 >2 . 5 10.6 200 3.4 3.1
8 5.7 10.1 3.0 0.08 1.4 12.3 217 5.8 2.6
9 6.0 10.3 >2.5 11.1 184 2.5 2.8 Premature failure
1 0 6.0 9.9 2.5 0.08 1.4 11.9 197 5.0 2.9
11 6.5 lt>.3 2.6 0.12 1.8 15.2 234 6.8 2.3
12 7.3 10.4 2.3 0.15 2.1 17.4 238 6.9 2.3
mean 211
coeff of variation % 10.4
TABLE A l Characteristics of Stress-Strain Envelopes: Sheet 18/T/1
Vf Ec Em a CO emu eme *E V 'cf f 'E.V-*T f
0cu 0  /v*cu f ^cu crackspacing
mm
. commentsSpecimen
£ GN/m2 GN/m2 MN/m2 % % GN/m2 GN/ifi2 MN/m2 MN/m2 %
1 8.1 - - 11.3 - 2.5 0.23 2.8 21.3 262 ^7.5 1.1 E not measurable c due to monitoring
2 7.5 33.6 35.6 1 1 . 0 327 2.4 0.21 2.9 21.3 285 ^ 7 . 5 1.1
error.
3 7.0 35.4 37.4 10.6 239 2.4 0.22 3.1 20.1 286 ~ * 7 . 5 1.2
4 6.2 31.7 33.2 10.5 331 2.9 0.18 2.9 17.1 276 • 7.0 1.6
5 6.3 30.9 32.4 10.5 340 3.0 0.17 2.7 17.6 280 '-7.5 1.4
Result 3 not re liable <lue to s secimen damage >rior to
7 6.5 31.4 33.0 10.6 338 3.0 0.17 2.7 18.3 288 ~ 7 . 5 1.2
8 6.4 31.6 33.2 11.2 354 3.1 0.16 2.5 17.7 277 7.3 1.2
9 6.3 31.3 32.8 11.2 358 3.0 0.15' 2.4 17.0 270 - W . 5 1.3
10 7.0 35.1 37.1 11.6 330 2.9 0.16 2.3 19.2 276 * W  .5 1.3
11 8.1 34.0 36.2 11*. 8 347 2.2 0.17 2.1 22.1 272 - W . 5 1.3
12 7.6 31.4 33.2 11.8 360 2.2 0.22 2.9 20.5 270 7.1 1.3
mean 34.4 2.7 277
coeff. of variation \ 5.6 11.4 2.9
TABLE A2 Characterlatlcs of Stress-Straln Envelopes: Sheet 18/T/3
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V f Ec Em 0 CO I
eT
mu eme •E V * CfVf • E V *T f
0cu Q O C \ < -b £CU crackspacing
mm
comments
Specimen
GN/m2 GN/m2 (1N/m2 \ \ GN/m2 GN/ifi* UN/m2 MN/m2 *•
1 6.0 33.2 34.8 10.4 313 2.5 0.14 2.3 16.5 277 6.9 2.2
2 6.0 29.2 30.5 10.1 346 2.5 0.13 2.1 16.3 273 -7.5 1.0
3 5.4 34.7 36.2 10.5 303 2.9 0.15 2.7 13.9 256 5.7 2.0
4 sr. 3 - 10.7 - - - - 12.3 231 4.5 2.6
cracked
prematurely
5 5.1 32.2 33.5 10.8 335 3.1 0.08 1.6 13.9 272 7.0 2.4
6 5.1
Error in test 
procedure, result ig
7 5.7 34.3 35.6 10.3 300 3.4 0.11 2.0 13.6 23B 8.7 2.3
8 5.8 33.9 35.4 10.5 310 2.9 0.11 1.8 13.9 241 6.3 1 2.4
9 5.1 37.5 39.0 10.5 280 2.7 0.08 1.6 13.2 261 6.0 2.4
1D 5.4 30.3 31.5 10.7 353 2.6 0.10 1.0 13.6 254 6.1 2.4
11 5.8 36.3 38.0 9.8 270 2.5 0.13 2.2 13.4 233 5.9 2.4
12 6.3 41.9 44.1 9.9 236 2.5 0.15 2.4 16.8 267 -7.5 2.3
mean 35.9 2.1 255
coeff of variation % 10.9 17.1 6.6
■ TABLE A 3 Characteristics of Strsss-Strain Envelopes; Sheet 18/T/4
Vf Ec Em o CO • cmu eme 'E V * f f •Efy a cu 0  /v_cu f £ cu crackspacing
mm
commentsSpecimen
GN/m2 GN/m2 MN/m2 % % GN/m2 GN/ifi* MN/m2 MN/m2 %
1 7.1 33.5 35.4 10.9 325 2.2 0.21 3.0 21.9 307 — 7.5 1.9
2 6.9 33.4 35.2 10.5 314 1.9 0.21 3.1 22.3 323 -7.5 1.8
3 7.6 32.2 34.1 10.0 311 2.0 0.21 2.7 21.1 278 %*7.5 1.0
4 6.8 32.3 34.0 9.3 288 2.0 0.18 2.6 IB.7 274 -7.5 1.6
5 6.7 32.7 34.4 9.5 291 2.2 0.17 2.5 17.7 265 ^7.5 1.9
6 6.3 30.6 32.1 9.4 307 2.1 0.16 2.5 17.5 278 -7.5 2.0
7 6.3 30.6 32.1 9.4 307 2.3 0.16 2.5 15.7 249 6.7 2.0
8 6.5 31.8 33.4 9.0 283 2.0 0.16 2.5 17.6 270 ^7.5 1.8
9 6.7 • 33.3 35.1 8.7 261 1.7 0.17' 2.5 17.5 262 7.5 2.1
10 7.6 34.6' 36.7 9.1 263 1.7 0.18 2.4 19.1 250 — 7.5 1.8
11 7.7 34.0 36.1 fe.8 259 1.6 0.20 2.6 20.1 260 ~7.S 1.8
12 7.6 32.0 33.9 9.2 207 1.7 0.20 2.6 20.1 264 -7.5 1.7
mean 34.4 2.6 273
coeff of variation % 4.1 8.1 8.0
•
TABLE A 4 Characteristics of Stress-Straln Envelopes: Sheet 1B/T/5
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Vf Ec Em o co cmu eme *E V *, f f ■E V * f f
0CU 0  / V ,  CU f £CU crackspacing
mm
comments
Specimen
* GN/m2 GN/m2 MN/m2 \ % GN/m2 GN/i&* MN/m2 MN/m2 %
1 . 10.2 39.6 43.1 13.4 338 2.3 0.27 2.65 24.6 241 6.7- 0.74
2 10.5 37.6 41.0 12.6 335 2.1 0.26 2.48 26.3 250 ‘ 8.0 0.95
3 10.0 38.3 41.6 12.5 326 • 2.0 0.29 2.90 28.3 283 B.l 0.77
4 10.4 39.8 43.4 12.3 314 2.1 0.29 2.79 27.9 268' 8.25 0.80
5 1 1 . 8 37.7 41.8 12.9 342 2.0 0.32 2.71 31.1 264 8.4 0.77
6 1 1 . 6 40.5 44.6 14.0 346 2.2 0.32 2.76 29.5 254 7.6 0.67
mean 42.6 2.7 260
• coeff. of variation k ' 3.2 , . 5.2 5.7-
Table A5 Characteristics of Stress-strain Curve Envelopes Sheet 18/T/6
Specimen
Vf
%
Ec
GN/m2
Em
GN/m2
a
C O
MN/m2
T mu eme
e*•
*Ef V
GN/m2
•E V 'f f 0 cu
MN/m2
0  /V. cu f
MN/m2
£ cu crackspacing
mm
comments
GN/ifia
- 1 5.7 31.1 32.4 9.4 302 1.9 0.15 2.7 14.2 250 5.5 1.9
2 5.4 32.2 33.5 9.3 289 1.6 0.12 2.1 13.3 246 5.1 2.5
3 5.4 30.3 31.5 9.8 323 1.9 0.12 2.2 12.5 234 5.7 3.0
4 5.3 32.8 34.1 9.8 299 - (0.09) - 12.8 240 4.1 3.3
7 EfVf region
5 5.1 32.3 33.6 0.8 273 - (0.09) - 11.9 234 5.6 3.1 not clearly developed.
6 4.8 8.9 1.6 0.11 2.3 11.7 244 4.3 3.0
7 4.8 8.7 1.7 0.13 2.7 11.9 24B 4.4 3.0 motor failure
8 4.9 8.3 1.6 0.12 2.5 12.3 254 5.1 2.7 0 - 0 , 5 k  strain
9 5.2 8.5 1.6 0.14 2.6 13.1 253 5.1 2.8 chart recorder
10 4.9 8.4 1.4 0.13 2.6 13.2 267 5.1 2.8
11 5.1 8.4 1.8 0.14 2.7 12.7 251 5.2 2.6
12 5.1 8.6 1.7 0.16 3.1 13.0 270 5.5 2.8
mean 33.0 2.6 249
coeff of variation k 3.2 11.4 4.5
TABLE A 6 Characteristics of Stress-Strain Envelopes: Sheet 112/T/1
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V f Eo Em 0 CO
tfmu eme •F V •. f f •EfV
Ocu o /V. cu f £cu crackspacing
mm
comments
Specimen
% GN/m2 GN/m2 MN/m2 % \ GN/m2 GN/ifi* MN/m2 MN/m2 %
1 4.2 39.7 '40.3 10.8 272 1.1 0.36 8.7 18.9 453 3.6 4.4
2 3.6 33.3 33.5 10.0 300 ; 1.9 0.27 7.6 15.3 431 ' 4.4 6.3
3 3.9 40.6 41.2 11.5 283 1.8 0.34 8.7 17.4 447 3.7 5.3
4 3.6 35.3 35.6 10.1 286 1.4 0.38 10.6 18.1 506- 4.0 4.6
5 3.4 33.6 33.a 9.4 260 1.6 0.28 8.3 -J6.3 481 . 4j_4 5.3
6 3.4 36.5 36.8 10.2 279 1.7 0.22 6.5 14.0 415 4.1 5.2
me an 36.9 8.4 456
. coeff. of variation H 8.8 16;2
17.3
Table A7 Characteristics of Stress-strain Curve Envelopes Sheet PE/T/1
Vf Ec Em 0 CO Emu cme 'E V '. f f • E V *f f
0cu 0 /V. cu f £cu crackspacing
mm
commentsSpecimen
% GN/m2 GN/m2 MN/m2 % GN/m2 GN/i£2 MN/m2 MN/m2
1 6.2 34.7 35.2 11.6 334 1.0 0.56 9.0 25.9 416 3.7 2.7
2 5.5 41.6 42.5 10.8 260 1.1 0.44 7.9 22.7 410 4.1 . 3.2
3 6.3 37.4 38.1 10.8 289 0.9 0.59 9.4 27.2 435 4.1 3.1
i 4 5.7 37.9 38.6 11.1 293 1.0 0.50 8.8 27.1 475 4.7 3.0
5 6.4 37.3 38.0 11.1 298 0.9 0.61 9.6 29.4 461 4.2 2.7
6 7.1 34.6 35.2 11.4 329 0.7 0.62 8.7 26.7 375 3.1 3.3
mean 5 7 .9 8.9 429
• coeff.’of.variation K 7 . ) 6.7 8.5
TABLE A8 Characteristics of Stress-strain Curve Envelopes Sheet PE/T/2
V f E Em 0 CO efmu cme 'E V 1 •E V 9 f f 0cu a /V cu' f £cu crackspacing
mm
commentsSpecimen
\ GN/m2 GN/m2 MN/m2 % % GN/m2 GN/ifi2 HN/m2 MN/m2
1 4.9 35.1 35.5 10.6 302 1.2 0.44 8.9 - - 3.6 1  specimens slipped
2 4.8 38.3 38.9 11.8 300 1.4 0.41 8.6 - - ‘ 3.0
V out of Jaws 
J prior to failure
3 5.9 44.6 45.7 11.7 262 1.2 0.59 9.9 28.1 474 4.7 3.1
4 5.4 40.8 41.6 10.7 262 1.3 0.49 9.1 22.8 425' 4.4 3.1
5 4.8 37.3 37.8 10.9 292. 1.4 0.39 8.2 20.B 438 4.2 3.0
6 5.5 38.6 39.3 11.8 306 1.3 0.51 9.2 25.3 458 4.5 3.6
mean 39.1 9.0 449
• coeff. of variation % 8.3 6.4 4.8
TABLE A9 Characteristics of Stress-strain Curve Envelopes SheBt PE/T/3
Specimen
Vf
H
E c
GN/m2
Em
GN/m 2
o
CO
MN/m2
t mu
%
eme
*
'E V ',cf f
GN/m2
'E V •cf f
GN/ifi 2
acu
MN/m2
o  /V, cu f
MN/m 2
^cu
%
crack
spacing
mm
comments
1 5.4 36.5 37.1 10.0 274 1.3 0.36 6.7 19.0 352 4.2 3.6
2 3.9 36.5 36.9 9.7 266 2.2 0.26 6.8 16.5 423 5.2 5.6
3 4.5 35.3 35.7 9.6 273 1.5 0.33 7.3 10.5 411 4.7 4.3
4 5.0 - - 10.3 0.8 0.47 8.1 22.2 383' 3.7 3.7
5 4.2 38.6 39.1 9.8 254 1.7 0.29 6.9 17.8 424 4.8 5.3
6 4.5 36.3 36.8 9.8 271 1.6 0.31 6.9 17.7 393 4.3 4.5
mean 37.1 7.1 398
• coeff."of vernation A 3.3 7.4 6.7
TABLE A10 Characteristics of Stre33-strain Curve Envelopes Sheet PE/T/4
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APPENDIX B
Calculation of deflections from curvature distribution
In Figure B.l(a), the deflection of point A relative to the tangent 
at midspan C, which is horizontal, is given by the moment of the 
hatched area about A. Thus the deflection of C relative to the 
supports is obtained. If the values of curvature (}^ , etc.,
have been calculated for certain values of moment Y\^, on the 
moment diagram (Figure B.1(b)) then the area ABD may be replaced, 
with reasonable accuracy, by a number of trapezia . The area of 
each trapezium may be calculated together with the distance of the 
centroid of each from A and hence the moment of the hatched area 
about A estimated. A simple computer program, therefore, allows 
a load-deflection relationship to be calculated from a moment- 
curvature relationship.
If
J-
FIGURE B.l
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APPENDIX C
Simplified stress distribution at cracked section
e c e c
STRAIN STRESS
EfVfet
FIGURE C.l
In Figure C.l above, by equating tensile and compressive stress 
blocks:
e. = ■=-£—  • Vr - T  * e C * 1t E rV _ il-nJ c
T  +
from strain distribution :
e  = C1. -n- I  e  C .2t n o
therefore from equation C.l and C.2 :
2 2 i
n + -  .n _ ±  = □ c .3
where “ = E V /E V m m  f f
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The resistance moment of the section above is given by:
M = a-.V.b ( ^ ^ ) .  C.4f f 2 3
Just prior to cracking in flexure:
M = E .e (bd2 /6 ) C.5c mu
By equating C.4 and C.5
O - Ec'£mu 1 C .6
2 tl-n)t
now E .e /V„ is the fibre stress at cracking in direct tension, c mu f
max. fibre stress at cracking load in flexure
max. fibre stress at cracking load in direct tension 2 (l-n) 
The relationship between n and is given by equation C.3.
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Load-deflection curve by crack development approach
Considering the M-(f) relationship of a typical composite specimen 
(Figure 8.15), then after cracking, i.e. at A*,
crack height c = 4.6 mm
max. fibre strain at crack = 2.72%
2max. fibre stress at crack = 81.5 MN/m
With reference to Figure 8.19(b) assuming the transfer length, = 
1 mm at first cracking, then:
w = £„.& = 0.0272 mm f
.0 = w/2c = 0.D03 radians
In Figure 8 .21(b):
Z = 67.5 - 4x(.4.59) = 49.1 mm. o
From equation 8.15, the deflection due to 3 cracks forming:
6 = 0 . 5  mm.
The elastic deflection, 6 g, just prior.to crack formation is given 
by:
= -L2 = 0.23 mme 216 c
-5
where (J) = 12 x 10 from Figure 8.15.
The total deflection after the formation of 3 cracks is tbken to be 
(6 + 6 ) i.e. 0.73 mm.
APPENDIX D
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In Figure 8.19(b)
£ = Or.Vx/E = 0.0162%f f C
II t .L2c.l — . (e - e 1)e = £ + 3C-£ mu
= 0.025%
The load is now increased to (Fig. 8.19(c)). The fibre stress 
and strain at the crack and the transfer length increase to a ,
£  ^ and respectively. Also:
£ 1' = a V /E D . 1bl uf l V  c
£ ^ at 2 c from the crack = £^' + E^mu E  ^ (2 c-£..) D.3
1 1 (3c-£)
Secondary cracks form when £ ^  = 0.03%, i.e. from equations E . 1,
E .2, E.3:
cc,, = 108.7 MN/m2 t i
i.e. £ = 3.62%f l
The analysis yielding Figure 8.15 can produce a moment-max. fibre 
strain relationship shown in Figure D.l from whioh, at £f = 3.62%
"l ■ 2 5 5 0  N~mrn [ 1 -3 5 * McraciangK
At load P , w 1 = = ° - 0 4 8  mm
= 0.0052 radians
?1/« ■ r a i z  i-6 - 6i ■ °-B9m m
Total deflection = 0.89 + 0.23 = 1.12 mm.
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if two further cracks form as in Figure 8.21(c), it can be shown 
that the central deflection is now:
6 1‘ = 8 cei + 5 Zq Q1 D.4
= 1.47 mm
i • e . , , , = 1 . 7 0  mmtotal
By a similar calculation procedure the next cracks form at
CFro = 135.5 MN/m2 f 2
ef 2 - 4.52%
M2 = 315D N-mm
w2 = 0.075 mm
@ 2 = 0.00815 radians
6 2 = 2.30 mm
S, , n = 2.53 mm. total
If six further cracks form as in Figure 8.21(d):
S2 ’ = 25c 02 + 5jto ' 0 2 0.5,
where = S-Q”-c
<5 . - 5.16 mm.tot
After formation of these cracks, it can be shown that:
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The curves o 'b C, o 'dE and o V g of Figure 8.22 are derived in the 
following manner.
Taking O^DE as an example, equation 0.4 described the relationship 
between the deflection and the rotation, 0 , at the crack, where
0  = £ .£/2 c. f
For a given moment, the analysis used for deriving Figure 8.15 can 
yield the maximum fibre strain, £_p, (the relationship in Figure D.1) 
and the crack height, c. The stress transfer length, &, is 
proportional to the maximum fibre strain and can be related to the 
value £ = 1.0 mm assumed at A* in Figure 8.15. Thus, for a given 
moment, the rotation at the crack can be calculated and hence the 
deflection derived from equation D.4.
FIGURE D.1 Moment v max fibre strain
